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FOREWORD 


This volume, the one hundred and fifty-eighth of the regular Insti- 
tute Transactions, is the seventeenth devoted to technical papers 
and discussion presented at the fall and annual meetings of the Iron 
and Steel Division. The twenty-four papers in this volume cover a 
wide field — from iron-ore concentration and blast-furnace refrac- 
tories, through the chemistry of the bessemer and open-hearth 
processes, to the more theoretical phases of structural changes in the 
solid state — and it is certain that at least one, and probably more, of 
these papers will be of lasting value to every member of the Division. 
Of special interest to all of us, regardless of our specialty, is Dr. 
James T. MacKenzie’s fine Howe Memorial Lecture on gray cast 
iron, in which he shows what a valuable constituent graphite is when 
interspersed with a steel matrix. 

The high quality of the papers in this volume is self-evident and 
the Division’s Publications Committee under the chairmanship of 
E. S. Davenport and Carl M. Loeb, Jr., has worked conscientiously 
to ensure that our high standards were constantly maintained and 
that an author whose paper is published in this volume is sure that 
his work is new, important, and of lasting value. 

This volume of Transactions represents only the formal tech- 
nical papers presented at the regular meetings of the Division, and 
does not include the proceedings of the three important conferences — 
open-hearth steel, blast furnace and raw materials, and electric- 
furnace steel — sponsored by Division standing committees. The 
published proceedings of these three groups, totaling 850 to 900 
printed pages of up-to-the-minute data for operating men and 
metallurgists in the production field, are unique in technical society 
publications, and they have attained a world-wide fame for the 
value of their subject matter. 

It is a pleasure for me to compliment the Institute, the Iron and 
Steel Division, and the three committees concerned for the fine 
reputation they have established and for the stimulation they have 
afforded to blast-furnace, open-hearth, and electric-furnace men 
everywhere to make a better product at a lower cost* 

WiLTiAM A. Haven, Chairman, 
Iron and Steel Division. 

Clisvejuand, Ohio 
November 10, 194-4 
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The Howe Memorial Lecture 


The Howe Memorial Lecture was authorized in April 1923, in memory of Henry Marion 
Howe, as an annual address to be delivered by invitation under the auspices of the Institute 
by an individual of recognized and outstanding attainment in the science and practice of 
iron and steel metallurgy or metallography, chosen by the Board of Directors upon recom- 
mendation of the Iron and Steel Division. 

So far, only American metallurgists have been invited to deliver the Howe lecture 
It IS believed that this lecture would gain in importance and significance were it possible to 
include metallurgists from other countries, but the Institute has not yet been able to do 
this on account of lack of special funds to support this lectureship. 

The titles of the lectures and the lecturers are as follows 

1924 What is Steel? By Albert Sauveur. 

1925 Austenite and Austenitic Steels. By John A Mathews. 

1926 Twenty-five Years of Metallography By Wilham Campbell. 

1927 Alloy Steels By Bradley Stoughton. 

1928 Significance of the Simple Steel Analysis. By Henry D. Hibbard 

1929 Studies of Hadfield’s Manganese Steel with the High-power Microscope. By John 

Howe Hall. 

1930 The Future of the American Iron and Steel Industry. By Zay Jeffries. 

1931 On the Art of Metallography By Francis F. Lucas. 

1932 On the Rates of Reactions in Solid Steel. By Edgar C. Bain 

1933 Steelmaking Processes. By George B. Waterhouse. 

1934 The Corrosion Problem with Respect to Iron and Steel. By Frank X. Speller 

1935 Problems of Steel Melting By E. C. Smith. 

1936 Correlation between Metallography and Mechanical Testing. By H. F. Moore. 

[937 Progress in Improvement of Cast Iron and Use of Alloys in Iron. By Paul D M erica 
1938 On the Allotropy of Stainless Steels. By Frederick Mark Becket. 

T939 Some Things We Don’t Know about the Creep of Metals. By H. W. (Jillett. 

1940 Slag Control. By C. H. Herty, Jr. 

1941 Some Complexities of Impact Strength By Alfred V. de Forest. 

1942 Time as a Factor in the Making and Treating of Steel By John Johnston. 

1943 The Development of Research and Quality Control in the Modern Steel Plant. By 

Leo F. Reinartz. 

1944 Gray Iron — Steel Plus Graphite, By J. T. MacKenzie. 
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Gray Iron — Steel Plus Graphite 

By J. T. Mackenzie,* Member A.I.M.E, 

(Henry Manon Howe Memorial Lecturef) 


Henry Marion Howe, in whose mem- 
ory we are gathered together, was one of 
the great thinkers who develop from time 
to time to whom is given the rare gift 
of s5nithesis. Analysis is given to few, but 
synthesis, the ability to show the relation 
of all parts to each other and thus to 
give a clear picture of the whole, is reserved 
for the very few. Analysis can be achieved 
by honesty, intelligence, and industry, but 
synthesis is only given to genius. 

Professor Howe’s crowning achievement 
is the picture of the whole iron-carbon 
series shown in Fig. i, which places steel, 
malleable, gray iron, mottled and chilled 
irons in their proper relation to each other 
and shows the essential unity of the series. 
Perhaps his best statement of the case is 
found on page 90 of the Metallography 
of Steel and Cast Iron in these words: 
“Each member of the gray cast-iron series 
consists of the metallic matrix approxi- 
mately equivalent to that member of the 
steel-white-cast-iron series to which it 
corresponds in percentage of combined 
carbon with its continuity broken up — ^by 
masses of graphite ...” Apparently he 
had taken considerable interest in this 
idea around the turn of the century, for 
he refers to a discussion at the Franklin 
Institute in 1900 in which he said: “Though 
many others had probably conceived this 
relation between the steels and cast irons, 
it was here enunciated for the first time, so 

Manuscript received at the office of the 
Institute April 20, I944« Issued as T.P, 1741 in 
Metals Technology, June 1944* ^ 

* Chief Metallurgist, American Cast Irbn 
Pipe Co., Birmingham, Alabama. 

t Presented at the New York Meeting, 
February 1944* Twenty-jBrst Annual Lecture. 


far as I know. It was received with great 
incredulity.” 

The concept was explained in some 
detail in a paper on “The Constitution of 
Cast Iron” presented before the A.S.T.M. 
in 1902 when Professor Howe was retiring 
president of that young society. In the 
discussion Dr. Sauveur stated that he was 
“very well acquainted with Professor 
Howe’s theory of the constitution of cast 
iron,” and went on to say that while he 
“shared it to the fullest extent, some 
foundrymen . . . claim cast iron is a 
metal entirely different from steel . . . 
that steel and cast iron have very little 
in common, and that therefore the knowl- 
edge gained in the study of steel is of little 
or no value in the study of cast iron.” Dr. 
Moldenke, in discussing the same paper, 
said he had been working on the same 
theory for 12 years but he laid no claim to 
publication. 

Discussing the difference in the micro- 
structure of the metallic matrix. Professor 
Howe pointed out that “such minor struc- 
tural differences are indeed to be expected, 
because of the difference in the con- 
ditions under which these constituents are 
generated. 

“One difference in these conditions is 
that the steel of most micrographs has 
been either forged or at least treated 
thermally in such a way as to give a new 
structure radically different from that 
which formed during the initial solidifica- 
tion, whereas the cast irons have not. Hence 
what we see in the steels is a transforma- 
tion structure, but in the cast irons a 
solidification structure. By giving the cast 
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irons a suitable thermal treatment, they 
too can be given a transformation structure 
much closer to that of steel.” 

Today large tonnages of cast iron are 


Formation or Graphite 
The mechanism of the formation of 
graphite* has been studied by many 
metallurgists, but the most concise and 



Fig. I. — Relation of cast-iron foundry products to the steel- white-cast-iron series as 

REGARDS THEIR CONTENT OF COMBINED CARBON AND OP GRAPHITE. 

(Fig. 19, p. 87, Metallography of Steel and Cast Iron, by Howe ) 


heat-treated — some annealed, some nor- 
malized, some quenched and drawn. Two 
examples are shown in Fig. 2 coming out 
of commercial production. These are 
dia. bar stock of low total carbon (2.4 
per cent). The as-cast structures show 
coarse pearlite and had a tensile strength 
of 39,000 lb. per sq. in. with a Brinell 
hardness number of 235 to 255. The struc- 
tures after heat-treatment (normalized at 
i7oo°F.) gave tensile strengths of 53,000 
with a Brinell of 285 — a great improve- 
ment due to transformation of the matrix, 
since the graphite was changed practi- 
cally none at all by this treatment. 


clearest statement of it was made by 
Alfred Boyles after a thorough investi- 
gation presented before this Institute in 
1937. Boyles summed it up as follows: 

1. Primary austenite freezes out in the form 
of dendrites, which continue to grow down to 
the eutectic temperature. 

2. Crystallization of the eutectic liquid be- 
gins at centers which grow’ equally in all direc- 
tions, forming a cell-like structure. 

3 Segregation takes place m two stages: (a) 
between the primary dendrites and the liquid, 
(d) from the crystallization centers of the eutec- 
tic outward into the boundaries of the cells. 

* “Gray iron," unless qualified, in this paper 
refers to normal hypoeutectic irons. 




j. T. Mackenzie 


15 


4 Constituents formed during the freezing 
of the eutectic occupy the interstices of the 
dendrites. The graphite flakes and the phos- 
phide eutectic thus are restricted by the size 
and distribution of the dendrites 


With this clear statement before us, we 
thought of the method used by Roll to 
obtain a space model of the graphite 
flakes. The method is shown in Fig. 3. It 



Fig. 2. — Cast iron etched with 2 per cent nital. X 875 
a. Cast 9/15/43. As cast. 
h. Cast 9/15/43- Heat-treated. 

c. Cast 9/17/43. As cast. 

d. Cast 9/17/43. Heat-treated. 


5 Graphite flakes do not begin to form until 
the eutectic begins to freeze. As soon as the 
eutectic is completely frozen, the flake struc- 
ture essentially is complete. The flakes grow 
radially from the cr3rstallization centers of the 
eutectic outward into the surrounding liquid, 
resulting in a “rosette” or “whorl” formation. 


consists of firmly establishing the position 
of the specimen on the stage of the micro- 
scope, photographing and repolishing. 
Between polishings the specimen is meas- 
ured accurately and when enough plates 
are obtained they are stacked with the 



Fig. 4. — Plastic models of graphite flakes. 



Fig. 5. — Models op graphite whorls. X 150. 


Boyles* theory in mind we observed the After constructing the individual flakes, 
relative position of the flakes and thus we tried setting them up in their actual 
obtained the highly satisfactory confirma- space relationships, with the results shown 
tion of his theory, shown in Fig. 5. Boyles’ in Fig. 9, which gives views from both 
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sides and the top (standard inch included typical of all of them. This phenomenon 
for scale). The magnification of the models probably is the reason why cast iron does 
is about 150. These are not all of the not have a porous structure, as is corn- 
formations in this volume but enough are monly supposed. Even Professor Howe 



Fig. 6. — Models of graphite whorls. Same flakes prom different angles X 150. 


developed to show that the space relation- 
ships confirm Boyles' reasoning. 

The formation of graphite is accom- 
panied by the expansion. This has been 
shown by a number of investigators, 
notably Keep, West, and Turner, and was 
lately the subject of some very accurate 
tests by the National Bureau of Standards. 
Their curves for two bars cast from the 
same iron are shown in Fig. 10 and are 


passed on this idea, saying: “The presence 
of this graphite skeleton offers to liquids a 
path of relatively easy passage." 

As just shown in the space model, Fig. 9, 
the graphite flakes do not completely 
envelop the grains. Piwowarsky showed 
(Die Giesserei, 1929, p. 838) that cast iron 
becomes permeable only at a thickness 
that is governed by the greatest length of 
graphite flake. He concluded that the 
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flakes do not join each other and that, 
therefore, if the cast iron is of sufl&ciently 
great thickness with respect to the length 
of flake, there will be no permeability 


porosity, as commonly understood, is due 
to flaws in the casting — never to the metal 
structure. Thousands of tests on cast-iron 
pipe and fittings have proved this beyond 



Fig 7. — Models oe graphite whorls. Same elakes from different angles. X 150* 


To prove it he tested three grades of iron 
with hydrogen at 45 lb. per sq. in. 
(3 atmospheres). His criterion of leakage 
was one cubic inch of hydrogen per square 
inch per week. The two soft irons, one a 
pig iron, showed leakage through 0.024 in. 
but not through 0.030 in. The high-test 
cast iron, with its smaller flakes, showed 
leakage through 0.020 in. but not through 
0.024 in. A test on o.ii8-in. (3 mm.) plates 
of all three at 2100 lb. per sq. in. (140 
atmospheres) showed no leakage :in^ any 
of them. From this, he concluded that 


a doubt. Every leak is a flaw, sometimes a 
shrink, a blowhole, a cold run, or a sand 
or slag inclusion — ^but more often two or 
more of them together. One test 6-in. line 
was kept under gasoline pressure 233 days 
with all valves closed. The pressure, which 
was started at 800 lb. per sq. in., rose and 
feu in exact proportion to the temperature 
for the whole time. The temperature in the 
line varied from 42® to 85® with a corre- 
sponding change in pressure from o to 
1690 lb. per sq. in. One week’s chart is 
shown in Fig. ii. The lag is due to the 
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Time, minutes, log scale 


F£G. lo. — R elative changes op length in ^^-inch square bar and i J^-inch square bar, each 

CONTRACTING INDEPENDENTLY. 

Curves supplied by Foundry Section, National Bureau of Standards (Fig. 82, Symposium on 
Cast Iron, 1933) 



Fig, II. — One week's chart op the high-pressure gasoline test line at Acipco 

Outer record, temperature, deg. F. X 10. 

Inner record, pressure, lb. per sq. in. 
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fact that the thermometer was in. the 
atmosphere but the pressure was that of 
the gasoline. Even a slight seepage through 
the whole surface of the line (loo ft. of 



6-in. pipe of different classes with wall 
thicknesses varying from 0.30 to 0.45 in.) 
would have been evident from the tem- 
perature-pressure relation. The line was 
under water and no sign of gasoline was 
ever visible during the test. 

Thi.s expansion on freezing, while it 
tends to reduce shrinkage, cannot entirely 
eliminate it, since the expansion of the 
first shell tends to enlarge the mold. The 
next layer to freeze also expands, producing 
a further expansion in the still plastic 
outer shell, so that the still liquid metal 
of the interior is not sufiScient to fill the 
volume due to this extra expansion; and as 
there is still some liquid shrinkage to take 
place, a pipe must result unless the cavity 
is fed. 

Again referring to Fig. 10, we see that 
contraction on freezing gives the same set 
of phenomena at 1130® that occur in steel 
at 725®. Thus cast iron is twice put in 
jeopardy for the same offense. At 1130®, 
though, cast iron has no tensile strength 
at all, while steel and cast iron have some 
strength at 725®. Thus, for thick and thin 
sections joined together the only “out” is 
the plasticity of the metal and some com- 
pressive strength. Assume two sizes of 
bars connected at both ends as in the 
familiar strain lattice of the Germans 
(Fig. 12). The small bars first freeze and 
expand. Now the small bar begins to 
contract but the large bar begins to 
expand, so that tensile stresses are set up 


in the small bar and compressive stresses 
in the large one. The relative strength and 
plasticity of the two will determine what 
happens. But this is an exact analogy to 



Per Cen4Qrciphi4ic Carbon 

Fig. 13. — Relations between volume 

CHANGE nUEINO SOLLDIEICATION OE SOME CAST 
IRONS AND THE GRAPHITIC CARBON CONTENT. 

From Saeger and Ash; Amer. Foundrymen's 
Assn., 1932. 

the performance of both iron and steel at 
the pearlite transformation point, so that 
it is not necessary to go into the many 
things that can happen. Fig. 13 shows the 
relation of volume change during solidifi- 
cation to the graphite content. 

Another erroneous idea in connection 
with this expansion on freezing has been 
current in the literature for a long time. 
That is the idea that, as Professor Howe 
expressed it; “the generation of graphite 
is useful in the process because, occurring 
as it does during and immediately after 
solidification, it causes a sudden expansion, 
which both lessens the tendency of the 
castings to tear themselves into pieces 
during solidification and causes them to 
reproduce more accurately the shape of 
the pattern.” As we have just seen, the 
first “advantage” is fully realized only in 
uniform sections (which the designers seem 
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to avoid whenever possible) but the spaces it might not have sufficient fluidity 
ability to reproduce the shape of the to enter during the casting. The idea 
pattern is solely a function of the fluidity probably started from the exquisite detail 
of the metal, giving the word the foundry- ot the cast-iron art ware of the first half 



Fig. 14. — Pattern cast from steel and gray iron. 


man’s definition, not the physicist’s. This 
may be mathematically expressed thus: 

w T -FP 

Flmdity ^ K pp _ mt 

in which T = temperature of the metal, 

FP “ freezing point of the metal, 
MT = temperature of the mold, 

K — & coefficient depending on 
the true fluidity, surface 
tension, mold friction, mold 
atmosphere, and the chem- 
istry of the metal at that 
temperature in that atmos- 
phere, etc. 

It is obvious, since graphite does not 
begin to form until a considerable part 
of the metal has frozen, that the fluidity 
is, at that time, for all practical purposes, 
zero. The only exception might be a rigid 
mold, where there might be sufficient 
resistance to force the plastic metal into 


of the nineteenth century, but having 
the misfortune of breaking one of those 
pieces awhile back, it was some secret 
satisfaction to find it white! Fig. 14 
shows a pattern cast with steel and gray 
iron. Although the steel was not quite 
fluid enough to fill out one of the points, 
the detail of the other points is as sharp 
as the gray iron; in fact, the fins are quite 
a little more pronounced on the steel. 

Effect of Graphite on Mechanical 
Properties of Gray Cast Iron 

Now, let us consider the effect of the 
graphite on the mechanical properties 
of gray cast iron. For more than a hundred 
years mathematicians and testing engineers 
have been interested in the performance of 
gray cast iron and especially in the dis- 
crepancy between bending strength as 
measured and that calculated from the 
tensile strength by the conventional beam 
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formulas. Tredgold, in 1823, seems to have 
been the first to make an extensive investi- 
gation of the strength of cast-iron beams 
and his calculations were recognized to 


axis, for this particular beam, of 8 per cent 
toward the compression side — that is to 
say that there was 38 per cent more metal 
in tension than in compression at the 



give results differing from tensile strength 
by Hodgkinson, the editor of the fourth 
edition of Tredgold’s book, “The Strength 
of Cast Iron” (1842). Hodgkinson stated 
that this “arises principally from the sup- 
position that the neutral line remains sta- 
tionary during the flexure of the body.” 

The concept of the shifting of the 
neutral axis was used by St. Venant to 
reconcile the results of observations with 
the theory of elasticity in 1864 and begin- 
ning in 1888 Bach wrote a series of papers, 
later incorporated in his “ElastizitSt und 
Festigkeit,” the first edition of which was 
published in 1889, in which some experi- 
mental and theoretical results were recon- 
ciled within 3 per cent. His calculations 
showed a displacement of the neutral 


instant of fracture. Bach's curves are shown 
in Fig. 15. 

W. J. Schlick and B. A. Moore made a 
study of this in Bulletin 127 of the Iowa 
Engineering Experiment Station, in 1936, 
in the course of a study on combined 
bending and tension, which is the founda- 
tion of the modern design of cast-iron pipe. 
Their method of analysis was essentially 
the same as that of Bach and consists in 
plotting the stress-strain curves for both 
tension and compression as in Fig. 15; 
locating the center of gravity of the tension 
side, then determining the area on the 
compression side, which, multiplied by the 
distance from the center line to its center 
of gravity, gives an amount equal to the 
same product on the tension side. Then 
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the difference between the distances of the 
tension and compression centers from the 
center line gives the displacement of 
the neutral axis. About the only use for 
the equations for stress strain is in this 


suggested for cast iron, in all of which 
P indicates load (or stress) ; /, the strain, 
and Cj a, q and n are constants of the 
particular material and conditions of load- 
ing. Pb is load (stress) at failure. 



Test Bar 

/ - CP» 

p 

- bP 

p 

- C(ioo/)» 

, P 

-h ? sin 2x — 

I 

looC 

n 

a 

100 

b 

C 

n 

Qa.t}i load 

s at ^ load 

V 

624 

I 169 

212 

0 0171 

286 

0 797 

81 

J 76 

Z 

4.879 

I 466 

206 

0 0267 

488 

0 553 

0 613 

387 

383 

R 

3,844 

1.434 

180 

0 0313 

344 

144 


Q 

6.881 

I 544 

I 336 

I8s 

0 0337 

478 

0 602 

540 

B 

1,076 

141 

0 03475 

I 345 

0 669 

103 

60 

M 

3,118 

I 490 

ISO 

0 0385 

294 

0 573 

137 

88 

X 

344,100 

2 314 

i 6 i 

0 0686 

414 

0 361 

237 

186 

C 

3,453 

I 554 

108 

0.0500 

193 

0.563 

78 

59 


calculation and the calculation of resilience, 
the term applied to the area under the 
stress-strain curve of nonductile materials. 
Still, there is somewhat of a fascination 
about them to anyone interested in the 
behavior of the material. 

Three general equations have been 


Bach used the parabola / = CP», which 
he ascribes to Bueffinger in 1729 and 
which later was rediscovered by Hodgkin- 
son. Gruebler in 1900 proposed a hyperbolic 
equation P — f(a — bP), which has since 
been used by several investigators. It fits 
the actual curve much better than the 
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parabola. Meyersberg, in IQ31, proposed 

i> 

the equation P = C/~ + q sin which 

is the Bach parabola with a positive cor- 


2- Fl<s.t Steel SpfectMEM 
I- Plat SteelSpeomem NJoTCHfep 



0.05-in. deflection of the standard 1.2 X 18- 
in. test bar. The errors of the equations 
calculated as above are indicated. The 
Meyersberg equation, using the actual q 

3- Flat Steel Specimsm 
MultipleNotthm 

Gauge Length 4 " Cast Iron 





Fig. 17. — Thumbs experiment. 



Straim 


r 

Ll.-x I 

O 0.5 LO 

Strain 


rection for the curvature of the lower half 
of the curve and a negative correction for 
the upper half. 

The parabola and hyperbola, determined 
by least squares, fit the actual curves very 
well until near the breaking point, where 
the deflection becomes increasingly greater 
than the load. The Meyersberg formula 
uses only the simultaneous equations for 
half load and breaking point (where the 
sin = o) for the first term, hence is exact 
at these points; the second term is then 
easily obtained from the difference between 
the first term and the data at the quarter 
and three-quarter points where the sin is 
+ i and —I, respectively. 

Cast iron of widely differing character- 
istics are shown in Fig. 16. These were 
selected from the report of Subcommittee 
XV of Com. A3 of the American Society 
for Testing Materials, published in the 
Proceedings of 1933. The actual observed 
points are readings of the load at each 


for the two halves of the curve (which fits 
it exactly at five points) agrees too closely 
to show a difference on these scales. No 
part of these curves is a straight line. Even 
the very stiff iron V shows curvature from 
the origin if a large enough scale is used, 
Thum, of Darmstadt, became interested 
in why cast iron behaved as it did and 
made the simple experiment shown in 
Fig. 17. Naturally it would be most diffi- 
cult to duplicate the pattern of graphite 
by any such means, but the change from 
the characteristic ductility shown in the 
first figure by the usual steel specimen is 
very good evidence that, in tension, the 
graphite acts as voids. Fig. 18 shows some 
further tests along this line in which steel 
with different patterns of “damage” is 
compared with six cast irons of different 
graphite contents. The original photo- 
graphs are very poorly printed in the only 
available reference (Die Giesserei, 1929) 
but the reproductions here at least give 
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an idea of the relative graphite arrange- 
ment. Table i gives the analysis and some 
of the physical properties of these cast 
irons. Obviously, the increase in amount 
of graphite is the main feature of the series 
but its shape and distribution as well as 
the structure of the matrix cause upsets 
in the relative positions of the curves. 
No. 6, for example, is lower in graphite 
than No. 5, but it is also lower in combined 
carbon and phosphorus. (It is quite 


same iron, same size, tested in direct 
tension and compression. His results for 
two quite different irons are plotted in 
Fig. 20. The endurance limits for the two 
irons were respectively 7 and 12 kg. per 
sq. mm. as conventionally calculated, so 
from the curves we obtain as correction 
factors: 

6.3 II 

— = 0.90 and — = 0.02 
7 12 


Table i. — Data on Thumbs Cast Irons 


Data 

1 

2 

3 

4 

5 

6 

Carbon, per cent. 

Total . 

Combined 

Graphitic . . 

Silicon, per cent ... 

Manganese, per cent 

Phosphorus, per cent 

Sulphur, per cent. 

Tensile strength, kg. per sq, mm 

Modulus of rupture . . 

Deflection, mm 

Brinell hardness number 

3 22 

I 37 

I 8S 

I IS 

0 91 

0 39 

0 13 

28 0 
: 47.5 

9 8 
241 

2 94 
1.39 

1 55 
2.00 

1 07 
0.22 

0 06 
29 0 

41 0 

8 8 
266 

3.35 

0 85 
2.50 

1 46 

0.97 

0 40 
0.08 
29.0 

53 5 

10 5 
220 

3 30 

0 86 

2 u 

1 80 

0 90 

0 50 

0 08 
25 0 

53 5 

12.9 

227 

3 77 

0 85 

2 92 

1 fs 

0 63 

0 68 

0 12 
18 7 

38 8 

14 0 
190 

3 30 

0 70 

2 60 

2 60 

0 80 

0 50 

0 10 
15.7 

37 8 

13 I 
187 


Modulus of Elastiaty in Tension, Thousands 


Stress, kg. per sq. mm.: 

0-2 

1.380 

I. 2 S 0 

1,160 

I.I45 

895 

759 

8—10 .... 

I. 3 S 0 

1,230 

1,060 

895 

665 

538 


Modulus of Elasticity in Compression, Thousands 


Stress, kg. per sq. mm.: 

0-2 

I.4S0 

1.450 

1,400 

I.IS5 

888 

76 s 

8-10 . 

1,350 

1,290 

1.340 

1,144 

890 

1,000 


probable that No. s was sampled or 
analyzed incorrectly, since the total carbon 
given is 0.23 per cent above the eutectic 
for that silicon and phosphorus. Inci- 
dentally, ‘‘combined carbons” are always 
doubtful, as MacPherran stated in his 
classic remark that “combined carbon is 
the sum of two errors.”) 

Thum was interested in the error of the 
usual beam calculations when applied to 
the rotating beam commonly used for the 
determination of the endurance limit. He 
therefore made some studies using the 
device shown in Fig. 19. This gave actual 
strain on both sides of the beam, which 
was converted to tensile or compressive 
stress by previous readings on bars of the 


Considering the normal scatter of values 
obtained in endurance testing, these are 
not serious corrections, but if cast iron 
is to be used under dynamic tension and 
compression it should be remembered that 
such a factor is needed- In reversed bend- 
ing, the factor does not apply, since the 
stress and strength calculations are mu- 
tually corrective. 

Many investigators since Tredgold’s 
time have studied the effect of the shape 
of the beam on the calculated strength. 
Thum, using the device shown above, 
determined the actual stress for the shapes 
shown in Fig. 21 and compared it with 
the modulus of rupture. This is undoubt- 
edly the best set of tests available and 
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shows clearly the departure from the rectangular bars have corroborated the 
assumptions of the elastic theory; viz., results on shapes 2 and 3 of Thumbs work, 
homogeneity, isotropy, and elasticity. The Using the rich fund of data contained 
shapes vary progressively in the way the in the Report of Subcommittee XV pre- 

KJqTCMES 




4 



Fig. 18. — ^Thum's comparison. 


metal is distributed about the center line 
and the departure from theoretical in- 
creases as the distance from the center 
line to the center of gravity of the haH 
sections decreases. The difference in the 
performance of the strong, low-graphite 
No. 3 iron and the soft, high-graphite 
No. S is very small on the I-beam but 
quite noticeable on the other shapes. 
Bach's tests in the i88o's give substan- 
tially the same relations and many thou- 
sands of tests on round and square or 


viously mentioned, there are illustrated 
in the next few figures some of the rela- 
tions between graphite and the strength 
and stiffness of gray iron. Fig. 22 shows 
in capital letters the relation of tensile 
strength to graphite content for the 24 
irons of the investigation and in small 
letters the ratio of the modulus of rupture 
to the tensile strength. (The identification 
letters of the original report have been 
used as a convenience to anyone wishing 
to refer to the other data on these irons.) 
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In the lower figure the “out of line’* 
irons are V, hypereutectoid; JV", austen- 
ite + martensite; X, austenite; D, hyper- 
eutectic with 2 per cent phosphorus; and 


pronounced. A survey of the published 
results of the lo years from 1922 to 1932 
showed the results listed in Table 2. 

Thus for as-cast transverse bars against 



Fig. 19. — Thum’s device for measuring actual stress in bending test. 


U, hypereutectic with 3 per cent silicon. 
The upper figure shows that while the 
graphite reduces the bending strength, it 
does not reduce it proportionally, as the 
ratio rises owing to increasing displacement 
of the neutral axis. For example: at 51,000 
tensile (iron J) the ratio is 1.9 and the 
modulus of rupture is 92,Soo> while at 
20,000 tensile (iron I) the ratio is 2.45 — a 
modulus of rupture of 49,000. Thus, for 
gray iron, an increase of 155 per cent in 
tensile strength is accompanied by only 
90 per cent increase in bending strength. 

These results are on machined transverse 
as well as tensile bars. Where the transverse 
is not machined, as in the usual com- 
parisons, the decrease in ratio of modulus 
of rupture to tensile strength is even more 


machined tensile bars, an increase of 
200 per cent tensile (from 17,500 to 52,500) 
gave an increase in modulus of rupture of 
only 65 per cent (from 40,000 to 66,000). 


Table 2. — Ratios of Modulus of Rupture 
to Tensile Strength Published in Ten 
Years 1922-1932 


Tensile Strength 

Number of 
Tests 

Average Ratio 

15 , 100 - 30,000 

8 

3.37 

30 , 100 - 35.000 

23 

I 89 

35,100-30,000® 

IX 

I 67 

30 , 100 - 35.000 

19 

1 88 

35,100-40,000 

10 

I 72 

40 , 100 - 45.000 

14 

I 55 

45,100-50,000 

7 

I 38 

50,000+ 

5 

1.36 


« The fifroup of ii tests between 35>ioo and 30,000 
averaged much higher phosphorus than the other 
groups 
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Obviously, as the graphite decreases in 
size and amount the surface is increasingly 
sensitive to stress raisers. Fig. 23 shows 
that the same thing is true for compressive 
strength (F, N, and D being farthest out 
of line) and Fig. 24 shows much the same 
pattern for the shear. 

As a measure of the stiffness of cast iron, 
the somewhat misnamed '‘secant modulus 
of elasticity’’ has been used. This is 
simply a substitution of the load and 
deflection in the conventional beam for- 
mulas and, while it has very little relation 
to the true modulus of elasticity of the 
mathematicians, it is a very useful quan- 
tity. Fig. 25 shows how this quantity varies 
inversely with the graphite, the exceptional 
irons again being N, X, and U. The change 
in the values for the different degrees of 
loading gives a very good idea of the 
curvature of the bending curves. A direct 
quantity, long used in specifications for 
cast-iron pipe, and quite simple when 
using a standard bar, is the load at a 
certain deflection. This can be read directly 
while making a test and does not require 
an autographic or other recording of the 



whole curve. Such a study is made in 
Fig. 26, which gives the loads at 0.15 and 



Fig. 20. — Calculated and actual stress in 

OUTER EIBERS IN BENDING TEST. 

0.20-in. deflection of the 1.20 X 18 round 
bar. Again, Nj X and U are farthest out 



12 5 4 


Actual Stress 


Material 

1 



5 

S)H APE 

— ^ 

2 

5 

A 




5 

4 

Theoretical 










4 

40 

38 

40 

56 


59 

59 

59 

40 

d 

15 

70 

7 0 

66 


76 

14 

15 

75 

12 

10 1 

98 

94 

92 


11.0 

107 

10.1 

104 

16 






142 

158 

158 

153 

Actual bttryJiino 

\SZ 

195 

186 

202 


235 

288 

298 

290 

Modulus of Rupiura CCenvonfiorwU 

51 4 

555 

57 1 

464 


415 

497 

555 

640 

H..4io ^ 

164 

181 

200 

240 


1.61 

lit 

1.86 

Z2) 

0 isplacomonf of tho Noutral 
Axis ir\ V, oftho dopf K. 

36 

53 

26 

23 


5.5 

1 9 

1 

15 

16 


Fig. 21. — Eefect of shape on bending strength. 
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of line and D is low (D did not bend 0,20 
in.). In fact, the average deflection of the 
set was only 0.141 in. so the maximum 
(1316 at 0.149) was used in the graph. 


strength out of proportion to the softening 
of the matrix, so the local yielding of the 
matrix was not taking place at the load 
used. Set occurs mostly on the first few 



%Qinaphii« 

Fig. 22. — Relation of tensile strength to graphite content. 


The plastic component of the deforma- 
tion of gray iron is due to local stresses 
above the 3deld point of the matrix and is 
a function of this yield point and the 
amount, size, shape and distribution of 
the graphite. It is commonly called “set.’’ 

The relation of set to the amount of 
graphite is shown in Fig. 27. The out-of- 
line irons are noted on the graph. Z 7 , W 
and C probably would have been up on a 
line with Z and Q had it not been for 
primary graphite, which reduces the 


applications of the load and after that th< 
iron seems to behave with almost perfec 


Table 3, — Set No. 1120 


Loading 

Deflection, 
In., at 
1500 Lb. 

Loss of 
Deflection, 
In., at 
1500 Lb. 

Set by 
Gauges, 
In. 

No. I 

No. 2 

0.287 

0 260 

0.027 

0.026 

No. 3 

0.247 

0.040 

0 036 

No. 4 

0.246 

0 041 

0 041 

No. 7 .... 

0.246 

0 041 

0.043 

No. 21 

0 243 

0.044 

0.044 
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elasticity. A t3rpical case of a medium iron 
(2.9 per cent graphite) is given in Table 3, 
A similar iron was loaded as follows: 


Loading No. Set, In. 

I 0 015 

3 0 0x0 

60 o 033 

340 O 035 

373 0 033 

The bar showed little change after the 
third loading. If, however, the bar be 
loaded above the point previously stressed 

Jh’’ — 

CqsI- Iron 


from galling. As Mochel has pointed out, 
it does not gall when run on itself or on 
many other metals which are notorious 
for their galling tendencies. The graphite 
flakes also act as cushions against thermal 
shock and thus prevent crazing. Gray iron, 
therefore, is the only material that has 
been successfully used, at least on a large 
scale, for brake shoes or brake drum 
linings, which must absorb tremendous 
energy, convert it to heat, or noise, and 






Carbon Steel 


Fig. 29. — Curves taken with Foeppl-Pertz damping tester indicate difference between 

INTERNAL DAMPING CAPACirV OF CAST IRON AND CARBON STEEL. 


it behaves almost exactly like an unstressed 
bar from a little above that point. For the 
impact report, above cited, a study was 
made of the set of all of these irons at 
20, 40, 60, and 80 per cent of the bending 
strength. Each bar was bent 25 times to 
the flrst load point, then 25 times to the 
second, and so forth. After .the twenty- 
fifth loading to 80 per cent, the load was 
released and the bar was broken as in the 
usual test. On the first loading to each 
point, a bending curve was taken. Fig. 28 
shows the comparative curves for Z and X 
when the set curves are assembled, as 
descr bed in the report. 

Useful Functions of Graphite 

Some of the more useful functions of the 
graphite are difficult to evaluate numer- 
ically. Because of the brittleness of the 
chip and the lubricating properties^of the 
graphite, gray iron is easily machined. As 
Professor Boston has shown, it is the 
easiest ferrous material to machine at any 
given liardness level. The graphite un- 
doubtedly is responsible for its freedom 


still not “seize” the wheel or axle. This 
lack of galling tendency combined with the 
oil-retaining ability and the actual lubri- 
cating action of the graphite is also prob- 
ably responsible for the excellent wear 
resistance of gray iron. These properties, 
not cheapness, are the reasons for the 
large use of gray iron by the automotive 
industry. 

Another credit to gray iron is its almost 
complete insensibility to the notch effect. 
Prof. H. F. Moore showed that a specimen 
of cast iron with a radial hole which should 
have reduced the endurance limit 67 per 
cent actually reduced it only 13 per cent. 
Two other specimens tested with filleted 
grooves, which should have re4uced the 
endurance limit 74 per cent, actually 
showed o and 8 per cent reduction. Prof. 
J. B. Kommers tested one soft cast iron 
with a square notch and got an increase 
of 500 lb. per sq. in. in the endurance limit. 

The high daBaping capacity of gray iron 
is entirely due to the cushioning effect of 
the graphite. Damping capacity is ciosely 
related to the acoustic resistivity of the 
physicists and is mathematically expressed 
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as « = \/ Ep, where E is Young’s modulus 
and p is density. Considerable work has 
been done on this property using the 
Foeppl-Pertz machine. Typical diagrams 
of gray iron and steel are shown in Fig. 29. 
The sound of a bar is that portion of the 
diagram reaching the ear. One of our 
wartime laboratory workers, a cellist by 
profession, became interested in the rela- 
tion of pitch to stiffness and became able to 
predict, with considerable accuracy, the 
modulus of elasticity by the pitch of the 
tone given by the test bar, when struck 
by a hammer. Inasmuch as the modulus is 
an inverse function of the graphite, it is 
also an inverse function of the damping 
capacity. The Meehanite Research Insti- 
tute, for example, in a tabulation of 
properties of its various grades, lists the 
relative values for Young’s modulus and 
damping capacity (expressed as the energy 
dissipated in the ffrst cycle of a torsion 
test at 20,000 lb. per sq. in.) as follows: 


37 


Modulus of ELASTXcnv 

23.000. 000 

21 . 000 . 000 

19.000. 000 

17,500,000 

15.000. 000 

12 .000. 000 


Damping Capacity 
21 

24 

25 
28 

30 

32 


Thus in many cases a softer iron — ^i.e., 
one with more graphite — ^would stand 
vibratory stresses better than a stronger 
iron. 

Professor Howe said: “Graphite itself is 
source of weakness and brittleness. Its 
presence is sought rather for process than 
for product purposes.” This was before 
the automobile had taught the value of 
gray iron in resistance to wear and galling 
and before autogenous welding had proved 
that strength and rigidity alone could not 
overcome vibration in heavy, high-speed 
machinery. I believe that were Professor 
Howe alive today he would be the first to 
recognize the value of the material, Steel 
plus Graphite. 



Concentration of Iron Ores in the United States 

By T. B. Counselman,* Member A.I.M.E. 

(Cleveland Meeting, April IP 43 ; New York Meeting:, February 1944) 


Probably the earliest concentration of 
iron ore in this country was carried on in 
the northeastern magnetite areas. Mag- 
netic concentration was relatively simple 
and gave a concentrate that, after agglom- 
eration, and in spite of being high in 
phosphorus because of the dry concen- 
trating methods then in use, was satisfac- 
tory blast-furnace feed. 

Production from the northeastern mag- 
netite area languished after the discovery 
and development of the Lake Superior 
ores, where there was seemingly an un- 
limited tonnage of high-grade ore, first the 
Michigan ores, and subsequently the. still 
larger deposits of Minnesota. 

For years only the higher grade, direct 
shipping ores of the Lake Superior district 
were mined. Those of Michigan, and of 'the 
Vermilion Range in Minnesota, were hard 
ores and came principally from under- 
ground mines. The softer ores of the 
Mesabi came partly from underground 
mines, but mostly from the enormous 
deposits that could be worked by open-pit 
methods. The costs of ore from these open- 
pit deposits, even with the high initial cost 
of stripping, were so low that the under- 
ground mines of the Mesabi could hardly 
compete. The so-called Old Range ores, of 
Michigan and of the Vermilion Range of 
Minnesota, were hard and lumpy, and 
opened up the burden in the blast furnace, 
therefore making possible harder driving 
with greater output. Alsp, some of these 
ores w’ere of such grade and physical 
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INQS of the Blast PSunace and Raw Materials 
Conference, A.I.M.B., 1943, and also issued as 
T.P. 1620 in Metals Technology, December 
1943 and Mining Technology, January ^44* 

♦Manager, Industrial Division, The Dorr 
Company, Inc. Chicago, Illinois. 


characteristics that they were suitable for 
charge ore in the open hearth. I'hese ores, 
therefore, commanded a price premium, and 
could compete with the softer, finer, 
but cheaper, Mesabi ores. The big tonnage 
reserves, however, are on the Mesabi, 
and it is these big open-pit deposits that 
constitute our stock pile of iron ore, from 
which we are drawing so heavily during 
this war period. 

On the western end of the Mesabi the 
ore was found to be high in silica, and not 
suitable as furnace feed. As early as 1902, 
attempts were made to concentrate this 
so-called wash ore and by 1910 the first 
washing plant was put into operation. The 
process was very simple, consisting essen- 
tially of a sizing and washing operation, 
with scalping screens, logwashers, and 
tables, which later were replaced by classi- 
fiers. Ore particles finer than 100 mesh were 
deliberately wasted, because these fines 
were undesirable in the furnace. For- 
tunately, these tailings were impounded, 
and already are being reworked. 

Before long some of the low-grade ores 
began to require more elaborate treatment 
than the simple washing operation and, 
tables having been discarded because of 
their low capacity, in favor of classifiers, 
jigs were next introduced. These were 
able to discard coarser pieces of tailing 
than classifiers. Jigs are in active use 
today, various improvements having been 
made in their design and application. 
Various other machines and methods of 
concentration have been tried from time 
to time, and have in turn been discarded 
for more improved processes. The latest 
and most important process that has been 
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introduced is the heavy-media method of 
separation. 

Present Rates oe Production 

Concentration of the low-grade ores 
of the Lake Superior district has had a 
gradual but steady growth, up to the 
beginning of the present war. Table i 
shows the importance of concentrated ore 
compared with total shipments in 1942, 
and Table 2 shows the gradually increasing 
amount of concentrates over the last 10 
years. 

Table i. — Shipments from Lake Superior 


District in 1942 



Gross 

Tons 

Per- 
centage 
of Total 
Ship- 
ments 

Per- 

centage 

of 

Minn. 

Ship- 

ments 

U. S. shipments, rail 
and lake« 

93,008.762 

100.0 


Lake shipments only. 
United States and 

Canada" 

Total shipments from 
Minnesota (lake)^. . . 

92,085,324 

73,566,179 

70 I 

100.0 

Total concentrates (all 
Minnesota) 

17,961,746 

19 3 

24 4 


• Prelimiriary information from Lake Supenor Iron 
Ore Association. 

Preliminary information from SkOlings Mining 
Renew, 

• Includes ore benefidated by sintering or drying, 
but does not include ore which was merely crushed to 
make a better furnace feed. 


Table 2. — Concentrated Ore Compared with 
Toted Lake Superior Shipments {TJ, 5 .)® 


Year 

Concentrated, 
Gross Tons 

Total Ship- 
ments, Gross 
Tons 

Percentage of 
Total Ship- 
ments Con- 
centrated 

1933 

3,134.657 

31.672,410 

14.5 

1934 

3,440.041 

32,063.824 

15.6 

193s 

5 . 153.574 

38,502.606 

18. 1 

1936 

7.764.SOI 

4S.2ST.2so 

17 3 

1937 

9,692.091 

63.219.208 

IS 3 « 

1938 

3,826.444 

19.549.909 

14 4 

X 939 

6,221.363 

45,436.667 

13 7 

1940 

9 , 307,681 

63.948.846 

14.4 

1941 

14,713.346 

80,747,859 

18 3 

1942 

17.961.746 

93,008.762 

19 3 


■ Data from Mines Bx^riment Station, Mining 
Directory, 1942, and Lake Superior Mining Institute. 


The significant point is the gradually 
increasing tonnage of concentrated ore 
shipped yearly. For instance, of the in- 


creased tonnage shipped in 1942 over 1941 
some 26 per cent was concentrated ore. 
For 1943, the schedule of total shipments is 
set at 100,000,000 tons. At the same rate, 
we can expect that concentrated ore ship- 
ments will be approximately 20,000,000 
tons. 

Most of the large bodies of direct ship- 
ping ore are already producing, and are 
almost at their peak capacity. Some addi- 
tional direct shipping mines that have been 
idle will be brought back into production 
this year; some additional stripping is 
being done, but it will be difl&cult to get 
the desired increase in shipments unless 
production of concentrated ore is also 
increased. Additional plant facilities are 
already being provided. 

These considerations are most significant 
and important, and will be referred to later. 

Breaking down the 1942 shipments of 
concentrated ore, we have Table 3. 


Table 3. — Shipments of Concentrated Lake 
Superior Ore {U, S.) in 1942® 


Method of 
Concentration 

Gross 

Tons 

Per- 
^centage 
of Total 
Con- 
cen- 
trated 
Ore 

Per- 

centage 

of 

Total 

Ship- 

ments 

Washing 

15,469,163 

86.2 

16.6 

Jigging 

1,087,233 

6.0 

I 2 

Heavy media 

606,366* 

3.4 

0 6 

Total wet concentrates 

17.162,763 

95.6 

18 4 

Sintenng 

289,729 

1.6 

0 3 

Drying 

509.255 

2 8 

0 6 

Total concentrates. . . 

17,961,746 

100 0 

19 3 


* Data from Lake Suitor Iron Ore Association. 

^ Includes heavy-media tailing ^pped as siliceous 
ore. 


This shows that by far the most impor- 
tant method of concentration is still 
straight washing. Concentrate from heavy- 
media separation is increasing rapidly. 
This method of concentration was started 
in 1937 with a pilot plant, 7500 tons of 
concentrate was shipped in 1938, and the 
tonnage shipped each year is increasing 
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Steadily. Jig concentrate has fallen off, 
however, from 1941 shipments. 

Lake Superior Reserves 

It is interesting to study the published 
figures of the ore reserves of the Lake 
Superior district. The latest available 
figures are as of May i, 1941 (Table 4), 


than open-pit ore, although cost is a second- 
ary consideration under war conditions. 

Tonnages of concentrate figured as 
reserve ore are based, of course, on present 
methods of concentration. If these methods 
can be improved to handle lower grade 
ores, reserves will increase at a tremendous 
rate. 


Table Iron-ore Reserves of Lake Superior District, as of May i, 1941* 


Sottrce 

Direct Ore 

Omcentrates 

Total 

j«t, 

593.425.000 

429.975.000 
141.335*000 

117*530.000 

56.364.000 

709 . 945.000 

486.339.000 

141.335.000 

Undergtotind, Minnesota 

Michigan. Wiscon^ (mostly underground) 

Total 

1.163.735.000 

173.784.000 

z.337.509.000 



• Data from Minea Experiment Station. 


Necessity eor Concentrating Iron Ore 

The big stock piles of easily won ore, on 
which we are drawing so heavily at present, 
are the open-pit direct shipping ores. These 
can simply be loaded into cars and sent on 
their way. The present drain on this class 
of ore has necessitated the opening of many 
small pits, so as to have enough places in 
which to work. Many of these will be 
exhausted in two to five years, and then 
we wiU again be faced with the old problem 
ef a herd of cattle eating its way toward the 
center of a ha3rstack. There may be quite 
a lot of ore left, but it will be the remaining 
ore in a few large pits, and it will not be 
physi^y possible to get it out fast enough 
to maintain present rates of shipment. 

Then we will have to turn to the under- 
ground ores. Ores in Michigan and Wis- 
consin are being produced at a rate of 15 to 
17 million tons per year, and this rate 
cannot be increased materially. Some of 
the underground direct ore in Minnesota is 
being mined regularly, and production can 
be increased by operating additional mines. 
Underground mining, however, necessarily 
produces ore at a much slower rate than 
that at which open-pit ore can be loaded 
out. Also, underground ore is more costly 


It is easy to see from Table 4 that if the 
war continues five to six years, and ship- 
ment is at the 1943 rate of 100 million 
tons a year, the reserves of open-pit ore 
will be seriously depleted. We whl also 
have bitten deeply into the reserves of 
underground and concentrating ore. True, 
we will probably be able to get through 
this war without too much trouble, even 
if it should last 10 years, but by that time 
we would pretty well have exhausted the 
open pits that are the present emergency 
stock piles. We ought to be wise enough to 
save some of this ore for future emergencies. 

For all of these reasons the concentration 
of low-grade ores is assuming much more 
importance than ever before, and various 
companies have embarked on elaborate 
research programs, to develop method of 
treating ores of still lower grade. 

Classes oe Ore 

f 

There are three general dasses of ore 
on the Mesabi Range: direct shipping ore, 
wash and jig ore, and unaltered taconite. 

Direct Shipping Ore 

Direct shipping ore is the most impor- 
tant, commerdally, at present, since the 
grade is satisfactory for blast-furnace feed. 
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and it needs no treatment other than 
possibly crushing to a limiting size. The 
reported tonnage of this class of ore on the 


which preclude winter operation of wet 
concentrating plants. The buildings could 
be heated, but the wet concentrate cannot 



Mesabi is a little under a billion tons, of 
both open-pit and underground ore. 

Wash and Jig Ore 

Wash and jig ore is the second class in 
importance, and is limited to ore that can 
be washed up to a satisfactory grade, or 
can be concentrated, by methods known 
and in satisfactory operation today. These 
methods include jigging, heavy-media 
separation, sintering and drying. The 
toimage reserve for the Mesabi Range is 
reported as about 150,000 tons of concen- 
trate, but a tbird^of this is underground 
ore. It is usually considered not very 
feasible to treat this class of ore, because 
the already high mining cost must be 
multiplied by the ratio of concentration. 
This situation differs from the eastern 
magnetite practice, where underground 
ore is concentrated, or even from the grow- 
ing practice of concentrating underground 
ore in the Birmingham district, in three 
important respects: (i) high ro3ralty per 
ton in the Lake Superior district; (2) high 
rate of taxation; climatic conditions. 


be shipped or stock-piled in winter, and 
sintering has proved too expensive at the 
head of the Lakes, except in special cases 
of limonitic ores or possibly extreme fines. 

Unaltered Taconiie 

Unaltered taconite is the original forma- 
tion of banded, ferruginous chert. Where it 
has been leached so that most of the silica 
has been dissolved and washed away, there 
are bodies of direct shipping ore. Where it 
has been partly leached, so that the silica 
has been more or less completely loosened 
from the particles of iron oxide, but has 
not been washed away, there are the wash 
ores; or, with less complete loosening of 
the silica particles, the jig ore, grading all 
the way to the hard unaltered taconite. 

Present Methods oe Concentration 
Washing 

Itg. I shows a generalized flowsheet for 
straight washing of Mesabi ores. Usually 
there is a primary screening operation at 
about 6 in., the oversize going to the lean- 
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ore stock pile. This oversize consists 
principally of lumps of unaltered taconite, 
too low-grade to ship. 

The undersize is conveyed to a vibrating 
screen, usually with openings of about 
M in. up to 2 in. This screen is equipped 
with sprays to wash the oversize as clean 
as possible. This oversize may go direct 
to the shipping bin, may go direct to a 
secondary crusher, or may go to a picking 
belt for removal of waste. Frequently this 
hand-picking of waste (which goes to the 
lean-ore stock pile) cannot be shown to be 
a paying proposition, over a season. It 
does, however, help to keep down the 
silica when the shovel gets into banks of 
particularly lean ore. 

The ore left on the picking belt may then 
go to the shipping bin, or may have to be 
crushed. If the latter, the vibrating screen 
usually has coarser openings, iJi to 2 in. 
The crusher is set to about ^ in., more or 
less. The crusher product then joins the 
undersize from the vibrating screen and 
goes to a logwasher. 

The coarse product from the logwasher 
goes to the shipping bin, being drained or 
rinsed on a vibrating screen at some plants. 
The logwasher overflow then goes to a 
dassifler, the coarse product of which also 
goes to the shipping bin, while the over- 
flow goes to waste. Formerly bowl dassifiers 
were used for this step, but with the leaner 
wash ores now being encountered it was 
necessary to get a lower silica in the rake 
product, which is done by making a coarser 
dassification, at 65 or 48 mesh, instead of 
100 mesh. There has been some sacrifice 
of iron lost in the tailing, of course, but 
this is justified by the lower silica in the 
concentrate. 

This typical flowsheet is varied to suit 
conditions at various plants. For instance, 
at many of the smaller plants, the picking 
belt, crusher, and logwasher are all omitted. 
The oversize from the vibrating screen goes 
direct to the shipping bin, and the under- 
size, sometimes as coarse as square 


opening, goes direct to the classifier, these 
two being the only machines in the plant. 

The vibrating screens are of several 
difierent kinds, each operator having his 
own preference. The secondary crushers 
are high-speed short heads, either S3nnons 
or Newhouse. The logwashers are 25 ft. 
long by 6 ft. wide, with two logs, and 
equipped with wash-water boxes under- 
neath. They are made by several manu: 
facturers. The dassifiers are either Akins or 
Dorr, both spedally built for this severe 
service, and equipped with wash boxes or 
underdeck sprays. 

Typical metallurgical results of such a 
washing plant are given in Table 5. Such 
figures will vary with the grade and struc- 
ture of the ore. 


Table 5. — Restdts at Mesabi Range Wash’ 
ing Plant 



Fe. Per 
Crat 

i 

SiOi. 

Per 

Cent 

Loss 

on 

Igni- 

tion, 

Per 

Cent 

Crude ore 

.45 42 
5P 38 
15 00 

aS 6x 
7.18 


Concentrate 

6 64 

Tailing 

Weight recovery 


69 4 
90.7 
7.97 


Iron unit recovery 



Moisture in concentrate. . . . 




In Table 5 the iron anal3rses are given on 
the dry basis. After draining such as would 
be obtained in ore cars on the way to the 
docks, the concentrate contains 7.97 per 
cent moisture, hence -the “natural iron” 
assay would be 54.65 per cent Fe, and the 
ore is sold on that basis. The reason is that 
a ton of this ore, as weighed and charged 
into the blast furnace, will contain 54.65 
per cent Fe. This simplifies blast-furnace 
calculations. 

Jigging 

When the lean ore cannot be brought up 
to a satisfactory grade by straight washing, 
as described above, more daborate treat- 
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ment is required. Many different methods 
have been tried but only two general 
methods have survived, of which jigging 
is the older. 


the jig feed. This is for the primary purpose 
of tightening up the bed, and secondarily 
to obtain greater recovery of the liberated 
particles of ore. 



There are certain broad requirements for 
jigs used on iron ore. In general, the con- 
centrate product will be a veiy large per- 
centage of the total feed, from one third to 
two thirds by weight. Standard types of 
jigs are not designed to meet this con- 
dition, since usually the heavy product is a 
much smaller proportion of the total feed. 
Therefore, standard types of jigs have had 
to be redesigned to meet iron-ore conditions. 

In other types of work, jigs frequently 
are designed to treat a roughly sized feed, 
in two or more size ranges, usually de- 
slimed. Jigs of this type were the first ones 
tried on iron ore, and some are still in use, 
although'their days appear to be numbered. 
In general, for iron-ore work, unsized feed 
has given better results, even to the extent 
of regzinding and returning middling to 


Four general types of jigs are in use: 

Harsrtype Plunger Jigs , — ^An installation 
of McLanahan-Stone jigs is still in oper- 
ation, the feed being prepared in two 
different sizes and going to two different 
batteries of jigs with appropriate stroke 
adjustments. This installation will be re- 
placed before long, probably by a heavy- 
media sink-and-ffoat installation. 

Movable-sieve Jigs , — ^There is an instal- 
lation of hancock jigs operating. Cus- 
tomarily the Hancock discharges its 
concentrate through the sieve, there being 
a ragging on the bed in most cases. For 
iron-ore work, long, controllable slots 
transversdy across the bed have been 
provided, to disdiarge a greater tonnage of 
coarser znateiial. Middlings are recrushed 
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and returned to the feed, to give a tight 
bed. 

Movahle-diaphragm Jigs* — Both Bende- 
lari and Wood jigs have been used, where 
the plunger or diaphragm is directly under 



Fto. 3. — ^TVPICAL SIMPUPIED PI.OWSHEET OP CURRENT PRACTICE IN JIGGING MeSABI IRON ORBS, 


at will. For instance, a sharp expansion of 
the tube with a slow collapse is readily 
obtained, and gives an excellent result, 
from which the jig derives its name, 
“Conset,*' meaning “constant settling.” 


the sieve and of substantially the same 
area. Results have been excellent in some 
cases. Redesign of the concentrate draw- 
off for iron-ore work has been found 
advantageous. 

Air-operated Jigs, — ^The Baum type jig, 
where compressed air operates direct as 
the plunger, has not found its way into the 
iron-ore field. This typt of jig is used 
extensively in coal preparation, but some 
of the inherent characteristics of this unit 
do not appear' well suited for iron ore. 

However, an air-operated jig has been 
designed for iron ore, and has given ex- 
cellent results. In this machine a large 
rubber tube, something like an inner tube 
of a tire, is placed directly under each sieve 
of the multicompartment jig. By means of a 
poppet-valve mechanism, air is alternately 
admitted to and withdrawn from this tube. 
The valve mechanism being motor-driven, 
by means of cams of varying shape, the 
number and length of stroke, and the 
characteristics of the stroke can be varied 


Fig. 2 gives a conventionalized view of 
the mechanism of the Conset jig. Fig. 3 
gives a typical flowsheet, with regrinding 
of the middling for maximum recovery. 
Table 6 gives some typical results. 


Table 6 . — Jigging Results on Mesdbi Range 



Iron 

SiOi« 

HtO 

Crude ore 

40.00 
57 50 

34.00 

37.SO-39.50 
12 00-14 00 
61.00-63. 00 

0 0 
coo 
tiio 

Concentrate. 

Tailing 


Weight recovery. . . . 
Iron-unit recovery. . . 

48.00 

69*00 


• Variations in silica ^analysis are caused by the 
varying hexnatite-liinonite ratios in the ore. 


Eeaoy-media Separation 

The heavy-media process, which pre- 
viously had been applied to zinc ore at 
Mascot, Tenn., was first introduced on the 
Cujruna Range in 1937. Galena was used as 
a medium, but had many disadvantages. 
Since the treatment of the iron ore was a 
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one-pass proposition producing a finished 
concentrate and a final tailing, it became 
particularly important to clean the medium 
thoroughly. With a galena medium, this 
was complicated and costly, and required 
operations quite foreign to customary prac- 
tice in the district. Degradation of particle 
size of the medium was serious, and caused 
trouble from viscosity. 

The use of ferrosilicon as a piedium was 
an outstanding development in the Lake 
Superior district. Cleaning is easy, and uses 
machines customary in the iron-ore in- 
dustry. Ferrosilicon is hard and resists 
abrasion. Loss of medium is satisfactorily 
low, and contamination of the concentrate 
by the medium is not harmful. The desired 
high gravities, 3.20 to 3.40, can be obtained 
without difiiculty. Therefore ferrosilicon is 
the only medium at present being used in 
the treatment of iron ore by heavy-media 
separation. 

Fig. 4 gives a flowsheet of a t3rpical plant. 
The crude ore is screened at }i in., de- 
watered, by using a longer, or a separate 
screen, and fed to the heavy-media cone. 
The gravity in the cone being between 3,20 
and 3.40, as required for the ore being 
treated, tailing lighter than this gravity 
overflows the cone, while heavier pieces 
sink to the bottom, and are elevated by an 
air lift. Both tailing and concentrate go to 
(separate) drainage screens, the medium 
that drains off being returned direct to the 
cone. The products are then washed by 
sprays on washing screens, and discharged 
as clean products, to their respective 
destinations, tailing pile or shipping bin. 

The medium washed from the two prod- 
ucts is combined, magnetized to make the 
ferrosilicon particles stick together and sink 
more rapidly, and thickened in a special 
heavy-duty thickener. The overflow goes to 
a second thickener, to trap any escaping 
ferrosilicon, while the underflow goes to a 
magnetic separator. Two of these machines 
are used in series, to reject the fine particles 
of ore abraded off in the heavy-media cone 


and in screening. If left in the medium, 
these particles, being lighter in gravity 
than ferrosilicon. would gradually con- 
taminate the medium, and it would no 
longer be possible to maintain the desired 
gravities in the cone. 

The concentrate of the magnetic sepa- 
rator goes to a densifier, a spiral screw, 
where the gravity of the mixture of ferro- 
silicon is brought up to about 3.80, higher 
than required in the cone, and thus the 
cone gravity is kept under control. The 
medium is demagnetized just before enter- 
ing the cone, so that it will maintain a more 
uniform suspension. 

Table 7 gives some typical results of this 
method of concentration. In this particular 
set of figures, the ore was first washed, to 
eliminate the slimes and fines under 100 
mesh, then screened at ^ in., the oversize 
going to heavy-media separation, the 
undersize to jigging. Latest practice is to 
treat the minus K-in, material by double 
classification, which will be described later. 


Table 7, — Heavy-media Separation, with 
Jigging of Minus \irinch 



Heavy- 

media 

Jigging 
Minus yi- 
inch 

Pe 

SiO* 

Fe 

SiO» 

Crude ore after washing 

and screen 

Concentrate 

TaiUng 

53.18 
59 88 

33.73 

18 33 
8.76 
46.11 

SI. 49 

S6 »9 

a6 6 '% 

19 7a 
13.05 



Weight recovery 

Iron-unit recovery 

Proportion of total concen- 
trate produced 

1A 

83 

St 

i .4 

1 8 

i.6 

so 5 

55. 1 

43.4 

Over-all weight recovery 
from unwashed crude ore 

40.0 


Double Classification 

Jigging of the minus yi-m. fraction of 
the ore is difficult, requires close operating 
attention, and is costly. This has becR 
replaced in present practice by a s3rstem of 
double classification, which, while it gives 
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about the same metallurgical results as 
jigging, is simpler and less costly. 

The minus K-in. material is first 
classified, at a mesh var3dng from loo up 
to 48, depending on the ore, the tailing of 
this step being rejected. The concentrate 
of this operation is then reclassified at a 
considerably coarser mesh of classification, 
and a final concentrate is made, of a grade 
about corresponding to the grade of the jig 
concentrate. The overflow of this second 
classification step is then screened on 
vibrating screens, to get the coarse particles 
of silica out of the circuit, these being 
rejected as tailing. Screening is carried out 
at 48 to 28 mesh, again depending on the 
ore. The screen undersize is returned to the 
primary classifier, establishing a rather 
large circulating load. 

This second step of classification is not 
true classification at all, but rather a crude 
concentration step wherein the slightly 
heavier product is taken as a concentrate 
and the slightly lighter product, after 
screening, is recirculated. This method of 
separation gives rather poor metallurgical 
results, but is the best method available at 
the present time. Intensive work is under 
way to improve this method of treatment. 

This minus }^ 4 n. material cannot be 
treated economically by heavy-media sepa- 
ration, because the fine particles are 
trapped by the viscosity of the mixture in 
the cone and will not quickly separate into 
concentrate and tailing at the high tonnkge 
rates being' handled in the cone, A 7H-ft* 
diameter cone treats about 150 long tons of 
feed per hour. Material has been success- 
fully treated down to 10 mesh, but so far 
an3rthing finer than this has not been found 
commercially practicable. The commercial 
limit of size treated seems to be about ^ 
in., possibly tonnage rates 

required in iron-ore operations. Since re- 
coveries must be made in even finer sizes 
than 10 mesh, it appears more sensible to 
limit cone treatment to plus material. 


Tailing Re-treatmeni 

Tailing retreatment divides itself into 
two parts: (i) re-treatment of material 
accumulated in tailing ponds; (2) treat- 
ment of material being currently sent to 
these tailing ponds. 

Re-treatment of TaUing-po^id Material , — 
The only tailing treatment that is being 
carried out commercially today is re- 
treatment of tailing-pond material. When 
tailing is discharged into the ground from 
the tailing pipe or flume, a natural segre- 
gation immediately begins to take place. 
The heavier and coarser particles settle out 
first, fairly dose to the point of discharge. 
The lighter and finer, and consequently the 
leaner, particles, flow farther from this 
point. The slimes and water flow farthest of 
all, of course, and where the tailing area is 
impounded the more or less clarified water 
is customarily recovered for re-use. 

It is usually possible to re-treat, at a 
profit, the noaterial that has settled out 
dosest to the point where the tailing was 
initially discharged onto the ground, and 
certain such areas have been and are being 
reworked. Current discharge of tailing 
having been discontinued or transferred to 
another point and the enriched portion of 
the tailing being fairly dry it is mined by 
conventional methods and trucked or con- 
veyed to the treatment plant. Following a 
trash screen, double dassification as 
described above, is the usual method of 
treatment today. 

Treatment of Current Concentrating-plant 
Tailing. — ^Treatment of current concen- 
trating-plant tailing has long been a matter 
of academic interest, and now is receiving 
intensive study. Certain basic prindples 
are obvious. The iron values are free, in the 
relatively fine washing-plant tailing. This 
is not true, of course, of eflidently jigged or 
heavy-media tailing. The washing-plant 
tailing, however, will require no grinding. 
The large volume of water in the tailing 
must be brought under control. The slimes 
and paint rock contain no recoverable iron 
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particles and therefore should be dis- 
carded, as far as possible prior to con- 
centration. This can be done by suitable 
hydroseparation. 

Some commercial method of treatment of 
the coarse product from this hydro- 
separation step remains to be found. 
Various operations have been tried. Me- 
chanical classihcation, hydraulic classifi- 
cation, possibly followed by tabling, and 
dotation, all have their advantages and 
disadvantages. 

Treatment of the coarser tailing, from 
jig and heavy-media separation plants, and 
also of the lean ore removed by grizzlies or 
screens at the head of most plants, and 
including the large stock piles of such lean 
ore, require quite a different method of 
treatment. Further crushing and fre- 
quently fine grinding, will be required, and 
methods of treatment will be along parallel 
lines to those required for unaltered 
taconite. 

Sintering 

Sintering of fine ore and fine concen- 
trate, at blast-furnace plants, is becoming 
more and more the accepted practice. Fine 
concentrate is often shipped separately. 
Merch ore is frequently screened at the 
blast-furnace plant, and the coarser feed 
to the blast furnaces increases their 
production. 

The fine concentrate and the screened 
fines from the ore are then mixed with the 
dry and wet flue dust and sintered. The 
sinter, added to the coarser part of the ore, 
still further increases blast-furnace capacity. 

Sintering at the blast-furnace plant 
works out very well, economically. The 
dry flue dust contains an excess of carbon, 
which therefore is provided in part, at no 
cost, to the fine ore, fine concentrate, or 
wet flue dust. Coke braize, for the addi- 
tional carbon, is available as a by-product 
from the coke plant. Blast-furnace gas for 
ignition on the sintering machine is 
available. 


At the head of the lakes, however, sinter- 
ing is considerably more expensive. Carbon 
in the form of coke braize or anthracite 
culm must be shipped to the head of the 
lakes, unloaded, and transported to the 
sintering plant. Gas is not available for 
fuel, and oil must be used. This in turn 
must be transported long distances. 

Sintering at the head of the lakes, there- 
fore, only works out in certain cases. There 
are two main applications: 

1. Where the concentrate produced is so 
uniformly and extremely fine that it cannot 
be transported without agglomeration, as 
when unaltered taconite is treated. Such 
an operation would be purely for the 
improvement of physical structure. 

2. Where the ore is limonitic, con- 
taining water of crystallization in such 
amounts that its removal will raise the 
iron anal3rsis of the ore to an acceptable 
grade. This operation is really a form of 
concentration. 

Operations of the Mesabi Iron Co. at 
Babbitt furnished an example of the first 
case, but no such operation is being carried 
out at the head of the lakes at the present 
time. 

The only sintering operation being 
carried on in the Lake Superior district at 
present is on the Cuyuna Range, where 
limonitic ores are being agglomerated. 
Typical results of such treatment are given 


Table 9. — Typical Results of Agglomeration 
of Limonitic Ores 



Before 

Sintering 

After 

Sintering 

Iron apftlywiRj 

41.59 

0 321 
I.9S 
7.67 
9.21 
18.80 

SS.6a 

0.297 

2 93 
11.07 
a.s6* 

1. 01 

72.9 

Phosphorus axudysis, per cent . . . 
Manganese analysis* per cent. . . . 
Silica analysis, par cent ...... 

Loss on ignition* per cent 

Free moisture* per cent. ........ 

Weight recovery 



• Gain on ignition. 


in Table 9. The anal3rses of other dements, 
besides iron, naturally increase also, when 
free and combined HiO is removed, and the 
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silica analysis of the ore as mined must be 
low enough to make an acceptable sinter. 

Drying 

Sometimes ores contain considerable free 
moisture, and by the removal of a part of 
this moisture, without any attempt to 
remove combined moisture, the ore can be 
brought up to an acceptable grade. One 
such drying plant is in use on the Cuyuna 
Range. Only partial drying is feasible, of 
course, since enough moisture must be 
left in the ore to avoid excessive dusting in 
handling. 

Treatment or Unaltered Taconite 

The Mesabi Iron Co. at Babbitt, years 
ago, treated unaltered magnetic taconite by 
fine grinding and magnetic concentration, 
followed by sintering. The problem of 
treating taconites has been studied over a 
period of years, and research is becoming 
much more intensive at the present time. 

By far the bulk of the tonnage of poten- 
tial reserves on the Mesabi Range consists 
of these unaltered taconites. This is a local 
name for banded ferruginous cherts, with 
alternate bands of var3n[ng width, of rather 
high-grade material, running 40 to 55 per 
cent or mpre in iron, and lower-grade 
material, running 8 to 15 per cent iron. 
These bands are reasonably sharp in 
gradation, but there are no pronounced 
and dependable cleavages between high- 
grade and low-grade bands. Thin sections, 
in general, show a gradual increase in iron 
oxide particles within a short distance, 
rather than the presence or absence of 
such iron oxide. 

There are probably 40 billion, possibly 
60 billion tons of such taconite, running 
on the average 25 to 35 per cent metallic 
iron. This taconite falls bastcally into two 
kinds; one where the iron is present in 
magnetic form as Fe*Ot, the other where it 
is nonmagnetic, as Fe203 or variations 
thereof, or carbonate. On the eastern end 
of the range, wjbete the metamorphic effect 


of the Duluth gabbro flow was more pro- 
nounced, the taconite is usually in the 
magnetic state. Toward the west, the non- 
magnetic form predominates, with, of 
course, some intermingling of the two. 

Of 40 billion tons of taconite, perhaps 
S to 10 billion tons is naturally in a mag- 
netic condition. Such taconite offers no 
great problem in concentration. It must be 
ground to approximately 150 mesh, and 
concentrated by magnetic concentration. 
The final ratio of concentration will be 
about 2.5:1, or a 40 per cent weight re- 
covery. With proper arrangement of the 
flowsheet, perhaps one third of the crude 
tonnage can be rejected, by magnetic 
separators, ahead of the grinding circuit, 
thus reducing the tonnage requiring fine 
grinding. Sintering (or other agglomera- 
tion) of the finely ground concentrate seems 
to be necessary. The entire problem be- 
comes one of the cost of the material ready 
for shipment, although when the cheaper, 
higher-grade ores are pretty well exhausted 
cost will become a less important factor. 

The nonmagnetic taconites offer a more 
involved problem. They need not, in 
general, be ground quite so fine, 100 mesh 
being generally fine enough, as against 150 
mesh for the magnetic taconites farther 
east. 

Two principal methods of attack are 
available. The taconite can be given a 
magnetic roast, and then concentrated 
magnetically, or flotation may be used. 
Either the silica or the iron oxide could be 
floated. 

The magnetic roasting method was tried 
' for several years in a pilot plant treating 
10 tons per hour, and results obtained have 
been previously published.* In that test, 
jig tailing was being treated, and although 
this had a higher iron content than tacon- 
ite, the principles involved were the same. 
The magnetic roast was' carried out in a 
shaft furnace, devdoped at The Mines 

* T. B. Cotinselman: Developments in the 
Conceatratins: of Minnesota Iron Ores. Trans. 
A.I.M.E. (1943) Z 53 * 
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Experiment Station, University of Minne- 
sota. Magnetic concentration was by 
conventional methods, which since then 
have been improved. 

There are certain definite objections to 
this method of treatment. A reducing 
atmosphere is essential for a reducing 
roast. This can be obtained by: (i) natural 
gas, which must be cracked; (2) producer 
gas (or other artificial gas); (3) cracking oil 
to make a reducing gas. 

There is no natural gas now available on 
the Mesabi Range. Producer gas can be 
made, but it is a rather expensive operation 
to make small quantities at each property. 
No coke oven or blast-furnace gas is 
available. 

Cracking oil to produce gas is rather an 
expensive way of solving the problem. 
That actually was done for four years of the 
life of the pilot plant referred to above. 
During the fifth, and last, year, a producer- 
gas installation was made at the plant, and 
this, of course, introduced all the attendant 
problems of cleaning the gas, and so forth. 

The magnetic roasting furnace required 
cooling water, and this resulted in the 
production of superheated steam. These 
heat units could be recovered only in a 
boiler plant, and such a boiler plant was not 
feasible at each operation. 

Flotation, on the other hand, also has its 
problems. The requirement is a concentrate 
canying less than 12 per cent silica. First 
attempts at flotation were to float the iron 
oxide. The material used as feed was 
washing-plant tailing, but the problem was 
about the same as with taconite. 

After considerable experience had been 
acquired, and experiments made with a 
variety of reagents, it was not too diflicult 
to float the iron oxide, with a fair iron-unit 
recovery, and a fair tailing. The iron 
analysis of the concentrate was fairly 
good, but the silica always ran 14 to 16 per 
cent, rather than 12 per cent or less. This 
condition still obtains, and so far as known 
at this writing, it has not proved possible 


consistently to obtain a concentrate 
running 12 per cent or less in silica. 

Lately tests have been made with the 
objective of floating the silica and depres- 
sing the iron oxide. No results of this work 
have been published to date, and details 
are being kept very secret. 

Investigation of flotation methods of con- 
centration are being actively carried on by 
several of the operating companies. 

Possible treatment of the wall-rock and 
lower-grade ore bodies of the Michigan and 
Wisconsin Ranges is being given con- 
sideration. Off-grade ores from this area 
have been treated in the past, though no 
such operations are going on at present. 

Heavy-media methods or jigging oper- 
ations are indicated, since the ores are 
hard, and quite unlike the soft, easily 
washed, ores of the Mesabi Range. (Cu3mna 
ores, while soft, are not true wash ores, since 
the values persist pretty much through 
the complete size range.) 

Very little research work on the Michigan 
and Wisconsin low-grade ores has been 
carried on to date, but this will have to be 
intensified shortly. As shown in Table 4, 
at the present production rate of 15 to 17 
million tons a year, the Michigan reserves 
do not have too long a life ahead of them. 

Eastern Magnetites 

In the states of New York, New Jersey, 
and Pennsylvania are important deposits 
of magnetite. These deposits are pretty 
well scattered, rather than lying in 
the characteristic “ranges” of the Lake 
Superior district. Some of these deposits 
carry important tonnage of titanium, 
copper, or other valuable constituents. 
Practically all require concentration, al- 
though some deposits contain lump ore, 
used as charge ore in open hearths, and 
many of the properties are. concentrating 
on its production. 

Probable ore reserves of this general area 
are estimated at from H to ^ billion tons 
of crude ore. The grade varies widdv. from 
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27 to 60 per cent Fe or more, with a 
probable average of 45 to 50 per cent Fe. 

Except for the charge, or lump, ore, these 
crude magnetites require concentration, to 
make them suitable for blast-furnace feed. 


SI 

During 1942, total shipments from the 
eastern magnetite district amounted to 
about 3,200,000 long tons, and for 1943 the 
projected rate of production is double this 
amount. 


Table 10. — Tron-ore Enterprises in the Adirondacks^ 


Property 

Operating Company 

Ratio 

Ore 

Mined to 
Sinter 
Shipped 

Iron in 
Sinter, 1 
Per 
Cent 

Sinter to Be 
Shipped, 
Long Tons, 
per Year 

MineviUe (Witherbee Sherman) 

Republic Steel Corp. 
Republic Steel Corp. 
Republic Steel Corp. 
M. A. Hanna Co. 
Jones and Laughlin 
Steel Corp. 

National Lead Co. 

X 7 • I 

66 

68 

68 

6S 

64 

6o 

77S.OOO* 

1,000,000 

400,000 

37S,ooo 

1,000,000 

450,000* 

Fisher HiU 

Lyon Mountain (Chateaugay) 

Clifton mines 

2 s:i 
3:1 

X 5 * ^ 

Benson mines. 


MacIntyre mines. 

0 • X 

*4 r T 


0 • X 



•Prom Mining and Metallurgy (October 1942). 

> Includes 150,000 tons lump ore at 60 to 62 per cent Pe. 

• In addition to 250,000 tons Hmenite concentrate at 48 per cent TtOt. 


Also, despite the fact that a fairly coarse 
grind, varying from 14 to 65 mesh, is 
sufficient to liberate the mineral, some 
-form of agglomeration, usually sintering, is 
required. 

Since the iron occurs in magnetic form, 
concentration is 'relatively simple and 
recoveries are high. For many years dry 
concentration was practiced at certain of 
the properties, with the attendant dust 
troubles, and the dry concentrate was un- 
desirably high in phosphorus. These dry 
plants have now been replaced by wet 
plants, eliminating the dust nuisance, and 
producing concentrate with a considerably 
lower phosphorus content. 

Better recoveries and lower silicas are 
obtained with wet concentration. All of the 
new plants now being built are wet plants. 

The ratio of concentration varies from 
1.2 or 1.3:1 up to 3:1, but because of the 
efficiency of magnetic concentration, the 
iron-unit recovery is high, about 90 per 
cent. The grade of concentrate is also high, 
60 per cent to 68 or 69 per cent Fe, and at 
the higher analyses the silica is very low, 
2 or 3 per cent and, with a low phosphorus, 
0.030 per cent or under, this becomes a very 
desirable sinter. 


Several new properties will come into 
production during 1943. These include 
Fisher Hill, Benson mines, Clifton mines 
and MacIntyre in New York state, and the 
Ringwood group of mines and the new 
McKinley ore body at Oxford, New Jersey. 

While these are known as magnetite 
mines, at certain properties, such as Benson 
mines and Clifton mines, there is an im- 
portant tonnage of nonmagnetic iron 
oxides, in parts of the deposits, which will 
have to be concentrated by gravity 
methods. Also, MacIntyre mines produce a 
substantial tonnage of ilmenite concen- 
trate, and at ‘Lebanon a copper concentrate 
is also produced. 

Iron-ore enterprises in the Adirondack 
region are listed in Table 10. 

Many of these eastern magnetite oper- 
ations involve underground mining, and it 
is interesting to note that underground 
concentrating ore can compete successfully 
with direct shipping open-pit ore from 
Minnesota. There are several reasons why 
this is true: 

I. Eastern magnetite ores do not have to 
carry nearly as heavy taxes as do Minne- 
sota (or even Michigan) ores. 
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2. Eastern magnetite ores do not have to is very low, in some cases phenomenally 
cany the heavy royalties to the fee owners low. 

imposed on Minnesota or Michigan ores. 7 - The high-grade lumps, or sinter 



3. Uniform all-year rail transportation 
to Buffalo, BetMehern, Cleveland, and 
Pittsburgh is possible in contrast to sea- 
sonal water transportation of Lake Superior 
ores. This reduces the size, and fixed 
charges, of treatment plants to produce a 
desired annual tonnage. 

4. Because of the high iron content of 
eastern magnetite sinter and its negligible 
moisture content, a ton of this sinter is 
equivalent to nearly tons of Lake 
Superior ores. For this reason the all-rail 
freight rates on eastern magnetite sinters 
are in many instances actually less, per 
unit of iron, than the combined rail and 
lake rates on Lake Superior ores. 

5. The sinter is an ideal constituent of 
blast-furnace feed. In fact, the silica is so 
low that certain concentrates from this 
district may even be suitable for sponge 
iron processes. 

6. The phosphorus in eastern magnetite 
sinters, when concentrated bv wet methods 


produced in such a way as to be hard and 
dense, is suitable for highly desirable 
charge ore. 

8. It is the combination of all these 
advantages that makes commercially feas- 
ible the concentration of underground ores 
with such ratios as are shown in Table 10. 
It is primarily the radical reduction in 
phosphorus in the concentrate by modern 
wet methods of concentration that has led 
to renewed activity in this district, the 
opening of several new properties, and 
exploration for others. 

Birmingham District 

Next to the Lake Superior district, the 
Birmingham district is the most important 
iron-ore-producing area in the country. 

In general, there are two classes of ore— 
the brown ores and the red ores. The 
brown ores are limonitic, containing little il 
any lime. They occur in relatively small 
deoosits. are mined bv onen-nit methods. 
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and nearly always must be concentrated. 
The red ores are oSlitic, occur in flatly 
pitching veins and in general are mined 
by underground methods. Red ores are 


Brown Ore 

Most of the brown ore, probably go per 
cent, is concentrated. Standard practice 
involves a grizzly, a screen or trommel, and 


vvater 



high in phosphorus and carry considerable 
lime, so that, while somewhat low in iron, 
they are self-fluadng. Most of the red ore 
mined to date has been direct shipping, but 
concentration of lower grade red oreg, 
which has only recently been started, is 
becoming more important. 

The relative importance of brown and 
red ores is shown by the shipments from 
Alabama in 1942, as follows; brown ore, 
1,250,000 long tons; red ore, 8,250,000 
long tons. Shipments scheduled for 1943 
show slight increases for both kinds of ore. 


logwashers. Jigs are used only to a limited 
extent, and then to recover fine ore from 
the tailing. The plants usually are tem- 
porary, easily moved, as each particular 
deposit is exhausted. 

A typical flowsheet of a washing plant 
for brown ore is shown in Fig. 5. This does 
not represent any particular plant, and 
shows the best practice. Many small plants 
have less equipment than this requires, 
sometimes only a grizzly and a logwasher. 

The tonnage of ore hsmdled in brown-ore 
washers varies between extremdy wide 
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limits, and no reliable data can be obtained 
as to the ratio of concentration or the iron 
content of the tailing. A typical analysis 
of brown-ore washed concentrate is as 
follows: iron, 45 to 51 per cent; insoluble, 
18 to 10; CaO,'none; manganese, 0.05 to 
2 o; phosphorus, 0.2 to i.o. 

Red Ore 

The bulk of the tonnage of red ore is 
direct shipping. Of the red ore mined in 
1942, only about 300,000 tons was con- 
centrated. In 1943 it is expected that about 
800,000 tons of ore will be concentrated, 
from which will be produced about 480,000 
tons of concentrate. 

Toward the western end of Red Moun- 
tain, the red ore begins to fall off in grade. 
The lime-silica ratio decreases until the 
ore is no longer self-fluxing; it cannot be 
used direct in blast furnaces, and must be 
concentrated to be usable. Experimental 
work on the concentration of this ore was 
in progress over a number of years; a large- 
scale pilot plant was operated for some 
time, and now a full-scale plant treating 
some 2500 tons per day is in operation. A 
flowsheet of this operation is shown in 
Fig. 6. 

The principle of concentration is, first of 
all, to save all the slimes. They contain the 
lime. Then the oolitic grains must be 
lightly ground, so as to crack off the con- 
choidal layers of iron oxide, without crush- 
ing the grain of sand at the center. These 
conchoidal layers having been cracked 
loose, the coarser material is then tabled, 
thus rejecting the silica grains. The table 
concentrate is then recombined with the 
thickened and filtered slimes, and sintered. 

Table ii shows tjrpical results of con- 
centration of red ore. Such results can be 
expected in 1943, and from further concen- 
trating operations on red ore of this grade. 

It is obvious that as time goes on it will 
be necessary to concentrate a larger and 


larger tonnage of red ore. This h^s been 
the history of the great Mesabi Range, and 
there is no reason to hope that the deposits 
of Red Mountain will fare any differently. 
The probable tonnages for 1943 indicate 
that 5 to 6 per cent of the red ore moving to 
blast furnaces will be concentrate. In 1942, 
concentrate shipped from Minnesota was 
24 per cent of total shipments, and since 
1911 concentrates have been well over 6 per 
cent of total shipments from Minnesota. 


Table ii. — Typical Results of 
Concentration of Red Ore 
Per Cent 



Pe 

Insol- 

uble 

CaO 

P 

Crude ore 

34-5 

29.0 

10. 0 

0.35 

Concentrate 

47.5 

14.0 

7.5 

0 36 

Tailing 

IS-O 

51.0 

13 5 

0.33 

Weight recovery 


60 

0 


Iron-unit recovery. . , . 


82 

.5 



Minnesota concentrates, as well as 
eastern magnetite concentrates, have had 
no difficulty in competing with direct 
shipping ores from the Lake Superior dis- 
trict. By the same token, red-ore concen- 
trates should be able to compete with direct 
shipping red ores, and therefore with ores 
from other districts. Red-ore concentrate, 
for example, is sintered; therefore it has 
certain definite advantages over natural 
ores. True, some of the fine red ore is also 
sintered — nearly 1,500,000 tons of sinter 
was produced in Birmingham in 1942, from 
red-ore fines and red-ore concentrate. How- 
ever, the same is true of Lake Superior 
ores, the finer portion of the ore being 
screened out and sintered at certain blast- 
furnace plants. 

It will be found necessary in Alabama, 
as it is being found necessary in Minnesota, 
to concentrate the lower-grade ores in 
order to lengthen the life of the ore reserves. 



The Selection of Blast-fumace Refractories 

By Hobart M. Kraner,* Member A.I.M.E., and E. B. SnyderI 

(Chicago Meeting, October IP43) 


This paper shows that volume stability, 
low porosity and decreased pyroplasticity 
are desirable for blast-fumace linings, par- 
ticularly for the hearth. It shows further 
that a 'hot load test is a valuable means of 
testing the fusion or softening behavior of a 
refractory at operating temperatures. The 
ejffect of carbon monoxide on commer- 
cial blast-furnace refractories in their 
as-received condition and after refiring 
is reported, showing that many commercial 
blast-fumace refractories disintegrate badly 
but that refiring decreases the effect and 
certain special refractories are now avail- 
able which are almost free of the tendency. 

Factors Affecting Choice of 
Refractories 

If one were to depend entirely upon 
experience or- trial in the selection of clay 
refractories, the solution of a problem 
would be a slow process. Furnace cam- 
paigns are so long and attended by so 
many variables that it is difficult to draw 
fine distinctions within a reasonable period 
of time in regard to the quality of refrac- 
tories used. It could be said, of course, 
that if service results do not yield the 
proper information for intelligent choice, 
there is no difference in the quality of 
brick being considered, but this is not 
necessarily true. 

Conventional ceramic tests are designed 
to give the ceramic engineer information 

Manuscript received at the office of the 
Institute Oct. 25, 1943. Issued as T.P. 1727 in 
Metals Technology, April i944* 

Ceramic Engineer, Bethlehem Ste^ Co., 
Bethlehem, Pa. 

t Bethlehem Steel Co., Bethlehem, Pa. 


as to the refractoriness and firing tempera- 
ture, which he in turn interprets in terms 
of volume stability, ability to withstand 
load at high temperature (pyroplasticity), 
permeability, chemical stability and re- 
sistance to the action of slag. In most 
refractory applications several of these 
factors are involved. In a particular 
instance, one requirement may be pre- 
dominant, while in others some other 
factors may be of primary importance. 

In this country, clay refractories are 
generally made from mixtures of plastic 
and flint fire clays. The process of firing a 
day refractory is one of slowly melting 
the constituents, and during this operation 
its porosity is gradually reduced. The 
process is arrested, of course, in its incipient 
stages and the progress is determined by 
measuring slight changes in porosity, 
volume, bulk gravity, etc., that have taken 
place. Often the temperatures to which 
clay refractories ‘are exposed in service 
are higher than those employed in their 
firing. However, if the manufacturer were 
to fire them at such high temperatures the 
brick would distort. Therefore it would be 
difficult for the manufacturer to fire all 
of his clay refractories to temperatures 
at which they are to be used, although in 
many cases it would be desirable from the 
user’s point of view if he would do so. The 
porosity of day refractories decreases by 
firing, to a minimum limit, after which a 
further increase in the temperature causes 
expansion in certain day constituents and 
bloating in others. Both may occur in 
the same refractory containing two such 
days. 
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Requirements for Various 
Applications 

Volume stability through the tempera- 
ture range in which a refractory is used 


limits of utility, it is extremely illuminating 
in making careful studies to determine the 
reasons for the small variations in quality. 
The conventional hot load test terminates 



J-jri* 

Fig. 2, — CO disintegration furnace. 


is generally considered desirable- However, 
in ladle linings a bloating day is preferable 
because it eliminates joints and produces 
a lining that is virtually monolithic, free 
from crevices into which sted might pene- 
trate. There are practically no cases where 
the reverse, shrinkage during use, would be 
acceptable. 

Althou^ the day refractory conasts 
largely of alumina and silica, the alkali 
content and certain other impurities such 
as lime, magnesia and iron oxide, are in 
large measure responsible for wide differ- 
ences in refractoriness and load-bearing 
ability. Small changes in porosity may be 
used as a criterion, but the progress of 
fusion in a clay refractory is best deter- 
mined by a load test in which the deforma- 
tion is measured. Surprising as it may seem, 
this test shows greater differences in the 
characteristics of a refractory than do 
cone fusion temperatures or most other 
ceramic tests. Although the load test has 
been used primarily to determine the 


by holding the brick under load for a short 
period of time at a prescribed temperature. 
A load test wherein the temperature is 
gradually increased to failure, the deforma- 
tion being measured constantly during the 
process, provides more valuable informa- 
tion in regard to the temperature at which 
the failure occurs. It also shows quite 
readily where the brick becomes plastic 
and reveals small differences in quality of 
brick. 

New ceramic tests and variations in the 
conventional older tests may be used to 
supplement experience and service tests 
in ^e selection of refractories for a par- 
ticular service. It would be difSicult to 
cover the philosophy of interpretation of 
ceramic test results by which many choices 
are made, but the following-will serve to 
illustrate one approach to a problem. 

Comparison of Refractories 

Because of the great length of the aver- 
age blast-furnace campaign and the many 
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Fig. 4. — Brand 8 brporr and after ireaiueni for ioo hoors. 
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produces extensive shrinkage, which causes 
bricks to loosen and float out. 

Figs. I and 2 show the apparatus in which 
bricks are tested for resistance to carbon 
monoxide at the critical temperatures. 


loo-hr. test is insuflicient as the basis for a 
definite opinion regarding the resistance 
of this refractory to carbon monoxide 
disintegration. 

Hard firing of a blast-furnace refractory 



Fig. 10. COLD-CRUSHING STRENGTH OP BRICK SUBJECTED TO CARBON IfONQXIDE AT 485° TO 49S®C. 


Fig. 3 shows the result of treating brand 
No. 4 for 48 hr. in a carbon monoxide 
atmosphere. Further testing obviously 
was unnecessary with this refractory. 
Another refractory (brand 8) is shown in 
Fig. 4 (loo hr. in CO), and Fig. 5 (200 hr.). 
These pictures not only show the serious- 
ness of this action but also reveal that a 


decreases the probability of disintegration 
under these conditions by building up the 
mechanical strength of the brick, lowering 
its permeability and combining some of 
its iron oxide, so that it does not catalyze 
the reaction (2CO -► COa + C) that is 
responsibly for the phenomenon of carbon 
disintegration. 





HOBART M. KRANER AND E. B. SNYDER 



While hard firing decreases the tendency Figs. 8 and g represent a summary of 
to disintegration, it does not entirely standard and special refractories subjected 
remove the danger, as will be seen by to the carbon monoxide tests. 



Fig. h. — Plot showing relation between “free” iron in bricxs and their tendency 

DEPOSIT carbon AND DISINTEGRATE 

Note that bricks of which the iron oaide content is more than 40 per cent soluble in 
hydrochloric acid disintegrate, or tend to do so. 


subsequent data. Carbon is deposited 
within the pores just as in the less well 
fired specimens, but a hard-fired brick is 
able to resist the disrupting forces to a 
greater extent. The apparent improve- 
ment is noted in Fig. 6 and Fig. 7. This 
repr^ents brand No. 8 refired to 26oo®F. 
and 28oo®F., respectively. It will be 
remembered that brand No. 8 disinte- 
grated completely in 200 hr. of test in the 
as-received condition, and that 2600® is 
not ample. 


Carbon Deposition 

The amount of carbon necessary to 
cause disintegration of a refractory, in 
terms of the refractory weight, is very 
small. Fig. 10, for example, shows that as 
little as o.oi per cent C. causes partial dis- 
integration and that 0.06 per cent C. may 
cause complete destructiop. Combining the 
iron oxide as a silicate by hard firing as indi- 
cated in Fig. II appears to retard carbon 
deposition. Refiring, as previously stated. 




04 the selection of blast-furnace refractories 

enables the brick to hold together during used to study this reaction. Boats of these 
test but does not eliminate carbon deposi- materials were held for 48 hr. at 485® to 
tion. Fig. 12 shows that many brands 49S®C. in an atmosphere of carbon mon- 
disintegrated with only small amounts of oxide, with the results shown in Table i. 



Fig. 12. — Effect of refiring on carbon deposition. 


carbon deposition before refiring. On sub- Metallic iron ap.d iron oxides strongly 

sequent refiring the same brick held catalyzed the reaction. Metallic nickel 

together through the subsequent carbon was even more active, 
monoxide testing, in which larger quan- Shrinkage due to pyroplasticity and 
titles of carbon were deposited. ferrostatic pressure is a serious factor in the 

In an effort to determine the causes of performance of hearth bricks, 
carbon deposition, various materials that Fig. 13 shows a hearth block that floated 
mieht be found in a blast furnace were from the hearth of a furnace. It is one of 
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about a dozen that came from the furnace the slag before the bricks were removed, 
at the same time. They were vitrified and as the reduction in volume was around 30 
to some extent impregnated with metal, per cent of the original while the initial 
This is a frequent occurrence. Vitrification porosity was only about 20 per cent. Such 



Fig. 13. — Block that floated FRoac hearth op furnace. 


and widened joints in the hearth structure 
testify to the serious shrinkage in the 


Table i. — Carbon Deposition by Oxides and 
Other Materials in Carbon Monqxide 

at 485® to 495°C. 

Length op Test, 48 Hours 


Material 

Wei|:ht 

Sample, 

Gfams 

Increased 
Weight 
after Test, 
Grams 

Increased 

Weight, 

Per Cent 

Pe 

0.500 

+ 5 . 170 

1032 

Pei 04 

0.400 

-I-10.470 

2617 

PeaOs 

0 840 

-f- 16. 990 

20X0 

PeS 

3 000 

— 0.100 

NegUgible 

Pe-SiOi glass. 

1. 000 

0.000 

Negligible 

Pb 

6.945 

0.000 

Negligible 

PbS 

a. 195 

- 0 350 

— 16 

PbO 

3.135 

- 0.315 

— 10 

PbiO« 

2.230 

— 0 205 

— 9 

Zn 

5.860 

+ 0.080 

Negligible 

ZnO 

0.980 

-f 0 010 

Negligible 

ZnS*. 

1.755 

0.000 

Negligible 

Mn 

7.610 

-1- 0 010 

Negli£ble 

MnOs 

1.440 

— 0.165 

— II 

Ni 

I 000 

OveifbwM 

3000 or better 

NiO 

I.OOO 

+ 1,270 


TiO* 

0.740 

4 - 0.005 

Negflifipble 

A 1 * 0 . 

I. 19 S 

— 0.005 

Negligible 


hearth. The length of block had ,de- 

creased 2 in., the width in. and the 
thickness about z in. Some of this decrease 
in size was due to the dissolviifg action of 


vitrification obviously is ample evidence 
for greater refractoriness and volume 
stability being required for service in the 
hearth. Fig. 14 presents a schematic illus- 
tration of the fundamental concepts of the 
solution to this problem. The solid line 
represents the porosity-temperature rela- 
tions of our present hearth bricks during 
their production. They are fired at a tem- 
perature represented by the solid vertical 
line A, which leaves them with a rather 
high porosity. Harder fire would reduce 
the porosity to the minimum point, but at 
this temperature the brick become pyro- 
plastic and difficult to produce with most 
available firing equipment. Line B repre- 
sents the operating temperature of the 
furnace hearth, and, as the standard brick 
is even softer at this temperature, it com- 
presses under the ferrostatic pressure of 
the liquid iron. A new brick whose prop- 
erties are represented by the dotted line 
'is available. It is less plastic at B and is 
more volume-stable than the standard 
product. 
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To illustrate this detail further, Fig. 15 
shows the deformation characteristics of 
the two hearth blocks at elevated tem- 
perature and under a load of 25 lb. per 


Conclusion 

All of the foregoing test data show that 
if a knowledge of the requirements is 



Fig. 14. — Schematic illustration ofJpundamentalVconcepts] op solution of problem of 

VITRIFICATION.* 



Fig. 15. — Comparison of standard and improved blast-furnace hearth blocks in 25-PouND 

LOAD TEST. 

sq. in. These clearly show why the stand- available, it is possible to make intelligent 

ard blocks behave as they do, and why the selection of a day refractory based on 

unproved block would have considerably conventional and spedal tests that reveal 

greater volume stability in a furnace particular characteristics of commerdally 

hearth. available materials. 






The Washing of Pittsburgh Coking Coals and Results Obtained on 

Blast Furnaces 

By C. D. King,* Member A.I.M.E. 

(Cleveland Meeting, April 1943) 


The key to maximum production of 
ingots for the war eiffort is maximum pro- 
duction of pig iron. For any ^ven furnace 
and ore, the most important single influence 
on blast-furnace production is the quality 
of the furnace coke. 

It is generally recognized that undoubt- 
edly deterioration of Pittsburgh coking 
coals will be accelerated by the depletion 
of some of the better grades of coal; the 
extension of mine mechanization, with 
attendant degradation of coal quality; and 
the opening of new coal fields, some of 
which are known to be fairly high in sul- 
phur. All of these factors, contributing as 
they do to higher ash and sulphur, and not 
infrequently to inferior quality of coke, 
made it desirable that an extensive study 
be undertaken to determine th^ effect of 
washing some coals that closely approxi- 
mate the average chemical composition 
of coking coals to be expected in the future 
by the subsidiaries of the United States 
Sted Corporation in the Pittsburgh dis- 
trict. It was deemed advisable to study 
the improvement obtained by washing 
such coals and to determine the need for 
supplementing the existing coal washery 
at Clairton to assure continued maximum 
production of pig iron from presently 
available furnace stacks. The existence of 


Manuscript received at the office of the 
Institute May 18, 1943. Published also in the 
Proceedings of the Blast Furnace and Raw 
Materials Committee. 1943 and issued as T.P. 
1618 in Metals Technology, September 1943* 
* Chairman Operating Committees, United 
States , Steed Corporation of Delaware, Pitts- 
burgh. Pa. 


the coal washer at Clairton made it pos- 
sible to conduct tests on coals used in 
raw form and on similar coals after 
washing. 

This study covers an investigation of the 
quality of furnace coke as affected by 
washing coking coals, and is confined to 
the use of loo per cent high-volatile 
Pittsburgh seam coals from Fayette and 
Greene Counties in the manufacture of 
furnace coke. It covers the improvement 
in chemical and physical properties as well 
as the degree of uniformity in coke ob- 
tained by washing these coals, and includes 
the effect on blast-furnace production and 
practice. The test period involved is four 
months; the plants, Clairton by-product 
coke plant, and the Carrie No. i and No. 2 
blast furnaces at Rankin, Pa., Camegie- 
niinois Steel Corporation. 

Clairton By-product Coke Plant 
AND Coal Washer 

The Clairton by-product coke plant 
carbonizes 30,800 net tons of coal daily in 
22 batteries containing 1482 ovens. Three 
oven sizes are used, commonly known as 
wide, medium, and narrow types, recog- 
nizing the difference in oven width. These 
ovens also differ in height and length. 

The present coal washer has a daily 
capacity of approximately 14,000 tons, 
leaving 16,800 tons to be carbonized in 
raw form. Washed coal is used on all the 
narrow ovens and on three of the six 
batteries with ovens of medium width, 
raw coals being used on all the remaining 
ovens. The customary arrangement is 
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shown in Table i, which also includes set at 2-in. openings and the fine coal by- 
various oven dimensions. passing the crusher. The mixed crushed and 

The use of raw coal for approximately fine coal is carried by conve3n[ng belts to the 

55 per cent of the total Clairton output has various coal bunkers serving the batteries, 

in the past 3rielded satisfactory results, each bunker having a capacity of 4000 tons 

since relatively low-sulphur and low-ash ♦of coal. From the bunkers it is handled in 
coals were available for use in the raw the usual manner by larry cars to the ovens, 
state. Palmer and Gates coal, normally The Clairton by-product coke plant is 
coals of moderately low sulphur-ash, have unique in its use of 100 per cent high- 

been carbonized in this form, whereas volatile, Pittsburgh seam coals and also 

Colonial and Ronco, which are generally the fact that the coal is not pulverized prior 

Table i, — Oven Dimensions and Normal Allocation of Raw and Washed Coals ^ Clairton 

By-product Coke Plant 


• Prior to wariung. 

inferior, have been washed. The usual to carbonization. Long experience at 
combination of Colonial and Ronco mix- Clairton has shown that under existing 
tures is 70 and 30 per cent, respectively, or conditions it is desirable to charge unpul- 
in accordance with the mining schedules verized coal to obtain maximum bulk 
for these coals. In addition, the allocation density and, accordingly, maximum coke 
of washed coals to some batteries and raw output. 

coals to others also recognized the location By avoiding the fine crushing of coal, 
of the washer, which serves coal bunkers maximum bulk density is similarly ob- 
for only seven of the batteries. tained when emplo3dng washed coal. This 

Coking coals for the Clairton plant are practice also possesses the additional ad- 
shipped down the Monongahela River by vantage of eliminating a considerable 
barge, each barge holding about 900 tons, amount of slate as large pieces by the 
The coal is unloaded from barges into coarse coal launders and thereby avoids 
bins by clamshell buckets at four coal the more difiScult fine launder elimination 
hoists, from which it passes over screens, of this proportion as fine slate particles, 
the coarse coal being fed to roll crushers The present coal washer, installed in X931, 


Type of oven. 


Number of batteries of each 

Battery number or other designation. . . 


Number of ovens per battery. 

Number of ovens 

Oven dimensions: 

{ Coke side 

Width < Pusher side 

I Average 

Length b^ween doors. . . . 
i Floor to roof. . . . . 

Height { Coal charge 

Capacities: 

Cubic feet 


Coal charge per oven, net tons. . • . 
Coal charged per unit per day, net 

tons 

Net coking time, hours 

Coal carbonized 

Coal analysis: 

Ash, per cent 

Sulphur, per cent 


Nos. i-za. incd. 
(wide) 

64 

768 


KopperS'Becker Combination 



6 

4 . . 

Nos. 13-18, inch 

Nos. 19-22, ind. 

(medium) 

(narrow) 


61 

87 


366 

348 


18" 

17H" 


16" 

isH" 


17" 

16H" 

42; 6'; 

40' 4^" , 

II' 8H" 

10' 8M^' 

14' 0" 

13' 0" 


616 

759 

I 

6.70 

20.63* 

8 

1,200 

9.9003 


[7 7 

z6.8 

Batt. 13-15 

Batt. i6“i8 


Raw 

Washed 

Washed 

Gates 

Colonial-Ronco 

Colonial-Ronco 

8.25 

8 91® 

8 91* 

1. 00 

1.36® 

1.36® 
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is the Rheolaveur type. The washer was 
built on the north end of the plant in 
order to utilize the capacity of the larger 
batteries as well as to permit the use of 
coal-handling facilities already available. 
After leaving the roll crushers at the coal 
hoists, the mixed coarse and fine coal is 
conveyed to three double-compartment 
blending bins, with a total capacity of 
3000 tons. This arrangement permits the 
handling of three types of coal, Colonial, 


Coke-plant Tests 

The study of the effect of washing Colo- 
nial and Ronco coals extended over a 
period of four months. The comparison 
was based on carbonizing washed Colonial- 
Ronco coals in the same battery used for 
coking Colonial-Ronco raw coals. This 
arrangement was considered advisable in 
order to eliminate any coke-plant variable 
other than the type of coals used. Since 


Table 2. — Average of Control Data for Coal-washery FloaUand-sink Test during the 
Fow-fnonths Washing Testf Clairton By-product Coke Plant 


Coal 

Size 


Sieve, 

Per 

Cent 

Float 1.55 Sp. Gr., 
Per Cent 

Sink 1.55 Sp. Or., 

Per Cent 

Composite^ 

Total 

Ash 

Sul- 

phur 

Total 

Ash 

Sul- 

phur 

Ash 

Sul- 

phur 

Raw 



63.43 

95.44 

7.05 

1.04 

4.56 

61,25 

5.05 

9.52 



Me^-aom. 


a6 09 

96.15 

5 . 72 

1.07 

3.85 

59 67 

7.49 

7.80 



— 20m. 


10 43 

93.49 

6 II 

1.06 

6.51 

60 79 

11.93 

9 67 

■S7I 


Over-all 


100.00 

95.42 

6 60 

I. OS 

4.58 

60 83 

6 61 

9 09 

I 31 

Washed. . . 

_ 


60.82 

99 59 

7 08 

1.04 

0 41 

40.43 

3.65 

7.2a 

Z.05 


Ma'“2om. 


95.14 

99.24 

5.86 

1.04 

0.76 

36.76 

4.36 

6.09 

1. 06 


—20m. 


14 04 

96 70 

5. 83 

r 1.04 

3 30 

53 68 

n 93 

1 

1.40 


Over-all 

96 63 

100 00 

99. xo 

6 60 

1.04 

0 90 

46.45 

8.04 

6 96 

l.IO 

Refuse .... 



47.30 

S.OI 

17.66 

1.78 

94 99 

05 59 

S.48 

63.18 

5.29 




40.54 

-X 0.37 

11 87 

1.70 

89 63 

64 86 

8.24 

59.36 

7.56 


—20m. 


12.10 

2d 04 

8 91 

1.32 

73.36 

7 X 21 

15.2a 

54.61 

11.52 


Over<aU 

3 37 

100.00 

9 79 

19.29 

1.60 

90.31 

65.8s 

7.56 

60.60 

6.97 


• Calculated from float-and-stnk-test data. 


Ronco, and any other coal received at 
Clairton if the first two are not available in 
quantity to utilize the full capacity of the 
washer. Variable-speed belt conveyors at 
the bottoms of the bins allow for adjust- 
ment in desired coal mixtures fed to the 
washing plant. Coals are screened to two 
sizes, plus and minus Ke-in., prior to 
washing. 

The washeiy was designed to yidd a 
three-product separation; i.e., washed coal, 
middlings for boiler fud, and refuse. 
Experience with cpals recdved to date at 
Clairton has shown that under existing 
conditions it has not been economical to 
remove bone coal as middlings because of 
the small percentage present in raw coaL 
However, the provision for a middling 
product may prove highly desirable as 
insurance against adverse changes in 
sulphur and ash content of future coals. 


Colonial-Ronco washed coal is customarily 
carbonized in batteries 19-22, and because 
these batteries were also provided with a 
spare coal bunker, arrangements were made 
to use this spare for storing Colonial-Ronco 
raw coals. Accordingly, 30 ovens in bat- 
teries 19 and 20 were charged with Colonial- 
Ronco unwashed coal and the remainder 
of the ovens in the same batteries were 
charged with Colonial-Ronco washed coal. 
The mixture of Colonial-Ronco coal was 
approximately 70 per cent of the former 
and 30 per cent of the latter. 

Comparison of Analyses of Coals Used 
and Coke Produced 

"^The high efficiency of the coal washer is 
indicated by the fact that in a two-product 
separation 96.63 per cent of the initial coal 
was recovered as a washed product; the 
refuse, or bank loss, being 3.37 per cent. 
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The refuse contained 4.91 per cent sulphur 
and 62.71 per cent ash. The plus Me-in. 
washed coal at 1.55 sp. gr. contained only 
0.41 per cent sink and the Jie in* to 20 
mesh, 0.76 per cent. The refuse showed 
only 9.79 per cent float coal with an ash 
content of 12.29 per cent; Of the initial coal, 
less than 0.3 per cent was lost in the refuse. 
Detailed float-and-sink test data are shown 
in Table 2. 


Table 3. — Composite of Four-months Test 
Results Showing Effect of Coal Washing 
on Coal and Coke Analyses 
Per Cent 


Proximate Analyses, 
Dry Basis 

Unwashed 

Coals 

Washed 

Coals 

Effect of 
Washing 

Moisture 

3 93 

7.37 

+3 34 

Sulphur 

1 30 

i.ii 

—0 25 

Ash 

8 91 

7.12 

-I 79 

Volatile matter 

33 49 

32 97 

+ 0 48 

Fixed carbon 

58.60 

59 91 

+ l 31 


Proximate Analyses, 
Dry Basis 

Furnace Coke from 

% 

Effect of 
Washing 

Un watted 
Coals 

Washed 

Coals 

Moisture 

2 95 

2.88 


Sulphur 

0 98 

0.88 

— 0 10 

Ash 

11.87 

10.36 

-I. SI 

Volatile matter. . . 

0 30 

0.30 


Fixed carbon 

Available carbon (2 5 
per cent moisture 
basis) 

87.83 

89.34 

+ i SI 

83 02 

84.58 

+ I.S6 


The results obtained by washing Colo^ 
nial-Ronco coals for the four-months test 
period are shown in Table 3. The ash in the 
coal was reduced by 1.79 per cent and the 
sulphur 0.25 per cent; the fixed carbon 
increased by 1.31 per cent and the moisture 
3.34 per cent. The sulphur content of 1.36 
per cent in the initial coal was made up of 
0.80 per cent organic sulphur, 0.54 per cent 
pyritic, and 0.02 per cent sulphate. Wash- 
ing these coals resulted in the elimination 
of approximately 45 per cent of the pyritic 
sulphur. The furnace coke produced from 
washed coals was lower in ash than the 
coke from unwashed coals by 1.51 per cent, 
and the sulphur o.io per cent. The fixed 


carbon was increased 1.51 per cent. De- 
tailed data showing the results for each of 
the four months are shown in Table 5 
The reduction of 1.51 per cent ash in 
furnace coke from washed coals does not 
fully account for the reduction of 1.71 per 
cent ash in coal by w^ashing. The remainder 
of this ash difference will be found in the 
coke breeze produced from the respective 
coals, being approximately 20 per cent ash 
in coke breeze from unwashed coals and 
only 12 per cent in coke breeze from washed 
coals. 

Comparison of Physical Properties of Coke 
Produced from Washed and Unwashed Coals 

In addition to the beneficial effects ob- 
tained with respect to reduction of sulphur 
and ash in coal and coke by washing 
Colonial-Ronco coals, a marked improve- 

Table 4. — Composite of Four-months Tests 
Showing Eject of Coal Washing on 
Physical Properties of Coke 
Per Cent 



Furnace Coke from 

Effect of 
Washing 

Test 

Unwashed 

Coals 

Washed 

Coals 

Sieve Test 




On 3 in 

14*3 

IS 8 

XU 

Totu on 2 in 

60.3 

63 8 

Through i in 

3 4 

I 7 

- 0.7 

Tumbler Test 




Strength 

65.3 

73 0 

+ 6.7 
+ 2.4 

Hardness 

73 8 

76 2 

Brittleness 

55 9 

53 0 

- 3 9 

Fuel value 

73 5 

86 5 

+ 13.0 

Weight per cu. ft. (2.5 
per cent moisture 
basis), lb 

31 61 



31.41 

— 0.20 


ment in physical characteristics of the 
furnace coke was also derived. This is 
attributed to the greater tendency of coke 
made from raw coal to cross-fracture be- 
cause of slate inclusions. Slate in coal over 
in. is relatively easy to eliminate, but 
its reduction is particularly desirable in 
sizes ranging from ^^-in. to 20-mesh, since 
the number of incipient fractures caused by 
slate in coal is far greater in the smaller 
size than in the larger for equal percentages 
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of slate. It has, however, been Clairton’s Because the large daily production of the 
experience that under 20 mesh the dissemi- Clairton coke plant serves many blast fur- 
nated ash, if not excessive, may actually naces in the Pittsburgh and Youngstown 
improve the coke structure because of the districts, it was considered inadvisable to 
increased physical strength it gives. use the daily average analsrses of coke pro- 


% 

ASH 



Half-hour Intervals per Dav 


Fig. I. — ^Vamations in ash op puhnace coze peon washed and unwashed coals. 

The phjrsical tests of furnace coke pro- duced at this plant as the sole criterion of 
duced during the four-months period are its regularity with respect to blast-furnace 
shown in Table 4. The physical tests re- results at Carrie. Since the Carrie blast 
lating to coke strength, hardness and brittle- furnaces were not provided with facilities 
ness, are conducted according to empirical that made it feasible to obtain coke samples 
methods developed at the Clairton by- at the coke stock bins, arrangements were 
product coke plant. These methods have made to sample at the Clairton coke plant 
proved reliable in determining the relative by obtaining samples of coke on the belt 
value of different cokes produced at that conveyors at 30-min. intervals during the 
plant. Detailed data, showing the results day turn. Fig. i represents the variations 
for each of the four months are shown in in ash for the four months period for both 
Table s* indicated represent 

approximately every third day for the 

VaHaUon m Sulphur and Ash Content entire four months and each day, in turn, 

of Furnace Coke Is represented by from 8 to 14 samples. 

One of the most pronounced benefits ob- Since the half-hourly production of the 
tained from washing Colonial-Ronco coals Clairton plant on washed coals is equiya- 
is the marked improvement in the uni- lent to 200 tons, or a 6 to 8-hr. operation 
formity of coke ash and sulphur content, on a single Carrie blast furnace, this fre- 




T^le 5. Detailed Analyses of Washed and Unwashed Coals Used and Coke Produced^ Clairton By-product Coke Plant 
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WASHING 


COKING COALS AN 



Furnace Coke Produced from Unwashed (Raw) Coals 1 Furnace Coke Produced from Washed Coala I Coke from: 



84.56 84.69 84.62 
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Physical Properties 

Sieve test: 

On 3 in..'. 

Total on s in 

Through t in. 

Tumbler test: 

Strength 

Hardness. 

Brittleness. 

Fuel value 

Weight per cu. ft. (a.s 
per cent moisture 
Dasis), lb 


Coke basts. 
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quency of sampling made it possible to 
study the magnitude of variations of coke 
during short intervals of time at Clairton. 

The study of ash variability may prove 
of particular value in connection with the 
treatment of coals in the future, which are 
expected to be higher in ash and sulphur 
than the Colonial-Ronco coals used as a 
basis for this study. This is due to the 
well known fact that the frequency of slate 
particles of sufficient size to cause cross 
fracturing increases at a rate faster than 


reduction in the range of ash variation is 
largely the result of removal by washing 
of varying amounts of segregated high-ash 
fractions in the coal, which otherwise are 
not leveled out and persist throughout the 
entire unloading and bunkering system 
when these coals are carbonized in raw 
form. Although Fig. i indicates a high 
degree of uniformity in ash content of 
coke produced from washed coals, it is 
believed that a further improvement could 
be expected if the blending-bin capacity of 


Table 6 . — Amount and Variation of Ash and Sulphur in Coke 
Per Cent 


Variation for Any Single Day 
Based on Periodic Daily Tests 
Using Half-hour Samples for 
Four-months Period 

Furnace Coke Produced from 

Unwashed Coal 

Washed Coal 

Maximum 

Minimum 

Range 

Maximum 

Minimum 

Range 

Ash 

Sulphur 

14 os 
1.08 

XI. 08 

0 82 

2.97 

0 26 

11 04 

0 97 

10 08 

0 80 

0* 0 


Variation Based on Daily 
Average Analysis for Every 

Day of the Four-months Penod 

Unwashed Coal 

Washed Coal 

Average ash 

II 87 

10 36 

Average day to day variation in ash. . 

0.40 

0 14 

Variations exceeding o 30 per cent ash 

50 00 

9 50 

Variations exceeding 0 50 per cent ash 

31.50 

0 00 

Variations exceeding i 00 per cent ash 

6 70 

0 00 


indicated by the rising total average ash 
content. Likewise, the frequency and 
severity of short-time irregularities become 
disproportionately worse where the change 
in ash content is not caused by change in 
composition of the coal seam, but rather 
is due to the inclusion in irregular amounts 
of extraneous material from bottom and 
roof of coal seams. 

Fig. I shows a marked and important 
difference between coke produced from 
washed and unwashed Colonial-Ronco 
coals with respect to frequency and magni- 
tude of short-period irregularities in ash 
content. Similar trends were observed in 
sulphur content of the respective cokes, but 
obviously of a smaller character. The 


3000 tons per day were increased to more 
properly conform with the daily washing 
capacity of 14,000 tons. 

Table 6 shows the amount and variation 
of ash and sulphur in coke. Based on half- 
hourly samples, as previously described, 
the greatest variation in ash content for 
any one day was 2.97 per cent for coke 
from unwashed coals, while that for washed 
coals was only 0.96 per cent and, similarly, 
the sulphur showed a variation of 0.26 per 
cent for unwashed coals and only 0.17 per 
cent for coke from washed coals. A review 
of the variation based on daily average 
samples for each day of the four-months 
test confirms the Improved uniformity in 
coke resulting from washing coals. The 
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coke from unwashed coals shows consider- 
ably more severe and frequent variations 
than the coke from washed coals. For 
example, day to day variations in excess of 
0.30 per cent ash occurred 50 per cent of 
the time for the former, as opposed to only 
9.5 per cent of the time for the latter; and 
perhaps of greater importance is the fact 
that no day to day variations in excess of 
0.50 per cent ash occurred in coke from 
washed coals, whereas such occurrences 
represented 31.5 per cent of the time on 
coke from unwashed coals. 

Comparison of Coke Yields 

Four tests were conducted to determine 
the difference in carbonizing capacity and 
coke yields when charging washed and 
unwashed coals. The coal content of 
II larry cars, each of both washed and 
unwashed coals, was weighed by discharg- 
ing the coal from the cars into a truck, 
which later was weighed on the plant 
scales. Identical volumetric ring settings 
were maintained throughout the test and 
the amount of coal pulled back by the 
leveler bar in the oven was also weighed. 
The net coal charged per oven, determined 
in this manner, indicated that the coal- 
carbonizing capacity of the ovens was 
reduced approximately i.o per cent when 
washed coals were used. This is shown in 
Table 7. 


Table 7. — Effect of Coal Washing on Oven 
Carbonizing Capacity 



Oven Capacities 

Batteries 19 to 22, 

Inclusive 

Effect of 
Waahins. 


Unwashed 
Coals, Lb. 

Washed 

Coals, 

Lb. 

Per Cent 

Coal as received (3:46 
per cent moisture). 

41,997.8 

41,558.7 

-I. os 


While several tests were undertaken to 
determine accurately the total coke yield 
from both types of coals, in all cases coke 


over I in. being considered furnace coke, 
this procedure was abandoned because it 
was impossible to accurately weigh the 
coal charged as allocated to the different 
ovens. As a matter of information, this 
test showed approximately equal total 
coke 3delds from washed and unwashed 
coal, 72.24 per cent and 72.26 per cent, 
respectively. Since it is well known that a 
higher total coke 3deld is obtained with 
higher-ash coals, it was necessary to disre- 
gard these tests and use Clairton’s actual 
experience with washed and unwashed 
coals as the basis for coke yields. As will 
be noted in Table 8, a very marked increase 
was obtained in furnace coke from washed 
coals, in the order of 2.20 per cent, and the 
coke dust reduced by 2.90 percent. How- 
ever, as was to be expected, the total coke 
yield for washed coal is less by 0.69 per 
cent than when using unwashed coals. The 
increase in yield of furnace coke for washed 
coal more than offsets the decreased coal- 
carbonizing capacity resulting from the 
use of higher-moisture washed coals, and 
a net increase of approximately 3.0 per cent 
is obtained per day per battery in the 
production of furnace coke. 


Table 8. — Effect of Coal Washing on Coke 
Yields 
Pee Cent 


Coke 

i Yield per Net Ton 
of Coal Charged, 
Per Cent 

Effect of 
Wa^ng 

! 

Unwashed 

Coals 

Washed 

Coals 

BBS 

65.48 

8.29 

0 10 

67 68 

5 39 
O.IT 

+ 2.20 

— 2 90 
+ 0 01 

Quencher sump sludge 

Total coke. ........ 

73 87 

73.18 

— 0 . 



Comparison of By-product Yields 

Since the same by-product plant served 
the batteries that were concurrently used 
in the production of coke from washed and 
unwashed coals, it was not possible to 
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segregate the by-products and determine 
the yields obtained from the two coals. 
Therefore, the by-product yields were 
established by recognizing the amount of 
by-products lost with float coal in washery 
refuse, such calculated yields checking 
past experience at Clairton. 

Because of the higher moisture content 
of washed coals, it is obvious that more 
oven gas is required for underfiring ovens 
than when using unwashed coals, and to 
determine the exact difference a special 
test was undertaken. Gas-metering facili- 
ties were installed on various batteries 
and, based on an eight-months test, it was 
determined that g.o per cent more fuel was 
required per ton of washed coal carbonized. 
The B.t.u. per pound of coal carbonized 
was 1219 for washed coal — an increase of 
102 B.t.u. over that required for unwashed 
coal. This adversely affected the surplus 
coke gas available and is included in the 
determination of the by-product 3delds 
shown in Table 9. 


Table 9. — Comparison of By-product Yields 
from Washed and Univashtd Coals 



Yield per Net Ton 
of Coal Charged 

Effect of 
Washing 


Unwaged 

Washed 

Tar C 160,000 B.t.u. 

basis). eU 

Gas (500 B.t.u. basis) , 
M cu. ft.: 

Used at ovens. . . . 

xo 460 

10.760 

+0.300 

4 584 

4 997 

0 9 XX 

+0 413 

Surplus 

6 981 

— 0 070 

Total : 

IX 565 

II 908 

+0.343 

Ammonium sulphate 
(as per cent NHi 
basis), lb 

35 38 

36.10 

+0.73 

Light oil (total), gal. . 

3.16 

3 35 

+0 09 


Ejffecf on Sulphur Content of By-product 
Coke-oven Gas 

Of more than passing interest to steel 
producers is the fact that by-product 
coke-oven gas produced from washed coals 
contained approximately 20 per cent less 
sulphur than gas produced from unwashed 
coals, the figures being 0.454 and 0.563 lb. 


H2S per M cu. ft., respectively. By-product 
gas produced at the Clairton Works 
usually contains more sulphur than that 
found in similar gas produced elsewhere 
because of the sulphur content of the coals 
carbonized. As a result, in the production 
of steels with low sulphur specifications, 
special efforts are required through the 
agency of additional fluxes, manganese, and 
furnace time, when appreciable proportions 
of by-product coke-oven gas are used in 
melting. Therefore a reduction in the 
sulphur content of the gas would permit 
the attainment of the required specifica- 
tions for sulphur in somewhat less melting 
time and with a reduction in fluxes, manga- 
nese, and other materials involved. In- 
directly, this matter is important to 
blast-furnace operators, since it would 
allow a moderate increase in the permissible 
sulphur content of pig iron if the present 
steelmaking practices were retained. 

Summary of Four-months Test 

The four-months test performed at the 
Clairton by-product plant to determine 
the effect of washing coking coals indicated 
that a marked improvement can be 
expected in ash, sulphur, physical proper- 
ties and uniformity of the coke so produced. 
Blast-furnace operators will readily concede 
that the use of such coke, as opposed to 
coke from unwashed coals, should help to 
improve blast-furnace operations, but only 
carefully controlled blast-furnace tests 
can indicate the magnitude of the expected 
improvement, 

Blast-purnace Tests 

In the determination of the relative 
effect of each type of coke on blast-furnace 
performance, two furnaces of identical 
physical dimensions were selected, each 
provided with similar stove and gas- 
washing facilities. For a Tong period prior 
to the test both furnaces had operated with 
coke from washed coals, with similar 
operating results and characteristics. The 
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furnaces chosen for the test were Carrie 
No. I and Carrie No. 2, at Rankin, Pa., 
Camegie-IUinois Steel Corporation. The 
essential dimensions are given in Table 10. 

Table 10. — Dimensions of Carrie Blast 
Furnaces Used in Test of Coke from 
Washed and Unwashed Coals 

Hearth.dift merer aa ft. 6 in. 

Bosh diameter as h. ix in. 

Stockline diameter. . . i8 ft 3 in. 

Large bell diameter. . . 13 ft. 3 in. 

Bosh angle 0 * 

Inwall batter i 3x3 in.: la in. 

Total height 9a ft. o in. 

Hearth area 397 6 sq. ft. 

Total volume 33.033 cu. ft 

The initial test comprehended a two-, 
months operation using coke from un- 
washed coals on one furnace while the 
companion furnace was operated with 
coke from washed coals. Since it was 
recognized that every furnace has certain 
individual characteristics contributing to 
its operating efficiency, which may change 
from time to time, and that identical 
furnace size and design does not necessarily 
furnish a guarantee erf duplicate perform- 
ance, a second test of two months duration 
was considered essential for check purposes, 
during which the type of coke was inter- 
changed between the furnaces. Between 
the two test periods, one month was 
allow-ed for the adjustment and stabiliza^ 
tion of operating practice, and some spedal 
tests were also made during this interim 
for the determination of the amount of 
coke fines inherent in the two different 
types of coke used. The following illustrates 
the test program; 


Period 

No. I Furnace 

No. a Furnace 

July and Aug. . 

September . . 
Oct. and Nov .1 

Coke from un- 
washed coals 
Change-over ai 
Coke from 
washed coals 

Coke from 
washed coals 
id special tests 
Coke from un- 
waged coals 


The immediate common objective with 
both types of coke was the production of 
standard basic iron of similar chemical 
composition and equal uniformity, the aim 


being to produce iron containing i.io per 
cent silicon and 0.030 per cent sulphur, 
normal to Carrie’s practice. The test was 
so arranged as to introduce no variable 
other than the type of coke. Since the 
sulphur content of the coke made from 
unwashed coals is higher than that from 
washed coals, similar sulphur content of 
iron from the two blast-furnace units 
could be accomplished only through a 
change in slag volume or slag composition. 

The required magnitude of the change in 
slag volume could be readily determined in 
advance with accuracy from the prescribed 
sulphur specification as well as the expected 
sulphur content of the slag, whose compo- 
sition and sulphur-carrying power cor- 
responded to those normally produced at 
Carrie when using coke from washed 
coals. However, the average sulphur 
content of coke was not the only factor 
affecting the adjustment in slag volume. 
Prior experience with coke from washed 
coals having indicated a marked improve- 
ment in regularity of coke composition, it 
was anticipated that coke made from 
unwashed coals would show greater varia- 
tion in sulphur as well as ash content; the 
resultant adverse effect on chemical compo- 
sition of iron could be offset only by a 
further increase in slag volume. This 
additional slag volume could be obtained 
either by the use of gravel or a greater 
proportion of siliceous ore than normally 
employed when using coke from washed 
coals. Since this ore was similar in phys- 
ical characteristics to the other ores, no 
additional variable was introduced by its 
use. The additional slag volume was, 
therefore, obtained by a combination of 
both practices; i.e., using some gravel and 
more siliceous ores. 

The burdens of miscellaneoils materials 
with metallic content, such as open-hearth 
slag, excess scrap or scale, were substan- 
tially the same on both furnaces throughout 
the test, and blowing rates were held as 
constant as practicable, being varied only 
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within the limits imposed by the quality of 
coke. 

First Blast-furnace Test Period 

During the first test period, July and 
August, the performance of No. 2 furnace, 
using coke from washed coals, was mark- 
edly superior to the companion furnace, 
the iron production being greater by 51.6 
tons per day, or 6.7 per cent and the coke 
consumption correspondingly decreased 


coke from washed coals was characterized 
by greater uniformity of iron analysis, as 
indicated by fewer offcasts in silicon and 
sulphur. Principal data for the first test 
period appear in Table ii. 

Second Blast-furnace Test Period 

During the second test period, covering 
October and November, the t)rpe of coke 
used on the two furnaces was reversed. 


Table ii. — Comparative Blast-furnace Performance and Practice Data for First Two-months 

Test Period 



Furnace 

Unwashed 

C)oals 

Coke from 

Washed 

Coals 

Effect of Washing 

No. I 
Furnace 

No. 2 
Furnace 

Amount 

Per Cent 

Coke analysis (dry basis), per cent: 

Ash , . . . $ 

Sulphur 

Fixed carbon . . . . 

XI 8p 

0 pp 

87 81 

10 40 

0 8p 

8p 30 

“*I.4P 
— o.xo 
+ x 4P 


Day to day variations exceeding 0.30 per cent ash in coke, 
per cent 


x8 p 

-36.8 


Iron production, net tons per day. . . 

Net coke rate, lb. per ton iron 

Flux rate, lb. p*‘r ton iron 

Calculated slag volume, lb. per ton iron. . ... 

Air blown, cu ft. per min. (carbon basis) 

Blast pressure, lb. per sq. in ... 

76P 0 
I,P3I 
pS? 

I >385 
53.422 

Ip 3 

820 6 
1,774 
764 
1,048 

53.522 

17 8 

+ 51 6 

- X57 

- 223 

- 237 
+ xoo 
-IS 

+ 6 7 
- 8.1 

— 22 6 

— 18 4 

+ 02 

Avera/;e iron analysis, per cent: 

Silicon 

Sulphur . . 

I 12 

0 028 

I 14 

0 028 

-f-O 02 

0 00 


Casts over 1 40 per cent silicon, per cent. ... .... 

Casts under 0 85 per cent silicon, per cent. . 

Casts over 0 040 per cent sulphur, per cent. ... 

8 75 
pop 

6 40 

8 04 

4 55 

4 PO 

— 0 71 
-4 54 
-I SO 



157 lb., or 8.1 per cent. Similarly, this 
furnace operated with 22.6 per cent less 
flux and with 18.4 per cent less slag volume. 
Throughout the test No. i furnace, using 
coke from unwashed coals, operated with 
higher blast pressures than the companion 
furnace and was more difficult to con- 
trol, requiring more drastic counteraction 
against furnace swings for restoration of 
normal operating conditions. 

While the average silicon and sulphur 
produced in the iron from the respective 
furnaces for the two-months period was 
closely similar, the furnace operating with 


No. I operating with coke from washed 
coals and No. 2 with coke from unwashed 
coals. No. I furnace showed an improved 
performance over the companion furnace, 
producing 74.7 tons more iron per day, or 
9.4 per cent, and using 139 lb. less coke 
per ton of iron, or 7.4 per cent. This 
furnace required 17.5 per cent less flux 
and operated with a 12 per cent lower slag 
volume. During this period the blowing 
rate on No. i furnace was increased 
approximately 2.7 per cent over the com- 
panion furnace, a blowing rate permitted 
by the improved quality of the coke. 
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The furnace operating with coke from 
washed coals also demonstrated a marked 
•superiority with respect to regularity of 
iron analysis, since only i .00 per cent of the 
casts for this period exceeded 1.40 per cent 
silicon as opposed to 9.19 per cent for the 
companion furnace. Similarly, only 2.70 per 
cent casts exceeded 0.040 per cent sulphur 
compared with 5.78 per cent for the other 
furnace. Table 12 shows the results ob- 
tained during the second test period. 

Table 12. 


improvement was obtained on coke pro- 
duced from washed coals. The increase in 
wind rate of 2.2 per cent permitted by coke 
from washed coals when comparing the two 
periods was unaccompanied by a similar 
increase when comparing the two periods 
using coke from unwashed coals. The coke 
consumption decreased for both grades of 
coke used during the second period, but the 
magnitude of the change is not sufficient 
to account for the difference in production 


— Comparaiine Blast-furnace Performance and Practice Data for Second 
Two-months Test Period 


* 

Furnace Coke from 

Effect of Washing 

Unwashed 

Coals 

Washed 

Coals 

No. 3 
Furnace 

No I 
Furnace 

Amount 

Per Cent 

Coke analysis (dry basis), per cent 

Ash 

zi 85 

0 98 

87 8s 

10 33 

0 88 

89 37 

-I S 3 

— 0 10 
+ I S 3 


Sulphur 

Fixed carbon. 


Day to day variations exceeding 0.30 per cent ash in coke, 
per cent 

43 4 

0 

-43.4 


Iron production, net tons per day 

Net coke rate, lb per ton iron 

Flux rate, lb. per ton iron 

Calculated slag volume, lb. per ton iron 

Air blown, cu. ft. per min. (carbon basis) 

Blast pressure, lb. per sq in 

793. S 
1,887 
1,003 
1,287 

53,301 

19 4 

868 3 

1,748 

827 

1,133 

54.721 

19 3 

+74 7 

- 139 

— 176 

- 155 
+ 1430 

— 0 2 

+ 94 

- 7 4 

-17. 5 

— 12 0 
+ 2.7 

Averaj?e iron analysis, per cent: 

Silicon 

Sulphur , 

I 14 
0.029 

I 05 

0 028 

-0 09 
— 0 001 



Casts over i 40 per cent silicon, per cent 

Casts under 0.85 per cent silicon, per cent 

Casts over 0 040 per cent sulphur, per cent 

9 19 
8.16 

5 78 

I. 00 

7 7a 

2 70 

— 8 19 

-0 44 
—3.08 



Comparison of Furnace Performance 
on Same Grade of Coke during the 
Two Periods 

Of considerable interest is the effect of 
uniformity of coke quality on blast- 
furnace performance. This is illustrated 
by a comparison of the results obtained 
on the same grade of coke for the two test 
periods, as shown in Table 13. Pig-iron 
production using coke from unwashed coals 
increased 3.2 per cent during the second 
period, compared with the first period when 
using similar coke, whereas a 5.8 per ceiit 


performance, particularly in view of the 
change in other related factors. The 
distribution of iron a&alysis also improved 
during the second period, the magnitude 
of the improvement being greater on coke 
from washed coals. 

There are three distinct differences 
between the periods: (i) the use of equiv- 
alent amounts of sinter in the second 
period; (2} the lower atmospheric moisture 
content in the second period; (3) a major 
improvement in the regularity of coke pro- 
duced from washed coals and a more mod- 
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erate improvement in coke produced from 
unwashed coals, as subsequently illus- 
trated. The use of 4.6 per cent sinter in the 
burden of both furnaces during the second 


statistical study of coke-ash variability 
for the two periods, based on differences in 
day to day average ash content of the 
respective cokes, reveals the pronounced 


Pafc*nt of 
OccurroncM 



Fig 2. — Comparative day to day variations in average daily ash op furnace coke prom 

WASHED AND UNWASHED COALS, ClAIRTON BY-PRODUCT COKE PLANT. 


period could account for only a minor part 
of the relative improvement shown by both 
furnaces over the first period. While some 
operators may believe that some of the 
improvement is due to the lower atmos- 
pheric humidity during the second period, 
this does not explain the relatively greater 
improvement obtained during that period 
with coke from washed coals as opposed 
to coke from unwashed coals. 

Since the differences in sinter charged 
and atmospheric humidity were common 
to the two grades of coke, it follows that 
by far the greater part of the general 
improvement in the second period must 
be credited to the greater uniformity of 
ash in coke produced from washed coals 
and the relatively moderate increase in 
uniformity of ash in the companion coke. A 


improvement in ash uniformity of coke 
from washed coals over coke from un- 
washed coals and, of equal importance, 
shows improvement in uniformity of both 
grades of coke during the second test 
period. The data and graph shown in 
Fig. 2 demonstrate that the degree of 
improvement was far greater for coke 
from washed coals, as evidenced by the 
difference in number of occurrences ex- 
ceeding a maximum day to day variation 
of 0.30 per cent coke ash. Occurrences 
exceeding this severity of variation de- 
creased 12.3 per cent for coke from un- 
washed coals when comparing the second 
period with the first test period, whereas 
the improvement, on a similar basis, was 
18.9 per cent for the* coke from washed 
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coals; in fact, no such variations occurred 
in coke produced from washed coals. 

The reduction in coke-ash variability 
ogically not only explains the improved 
operating performance on both grades of 
coke during the October and November 


coke discharge on a common conveyor for 
transfer to a common collecting bin. Since 
this arrangement did not permit separation 
of coke screenings produced at each unit 
during the test, both furnaces were 
operated on coke from washed coal during 


Table 13. — Comparison of Blast-fnrncee Performances 



Coke from Unwashed Coals 

Coke from Washed Coals 

July, 

August 

October, 

Difference 

July, 

August 

October, 

Novem- 

ber 

Difference 

Novem- 

ber 

Amount 

Per 

(^nt 

1 

1 Amount 

1 

Per 

Cent 

Coke analysis (dry basis), per 
cent: 

Ash 

Sulphur 

Fixed carbon 

Moisture 

II 89 

0 99 
87 81 

3 01 

11 85 

0 98 
87 85 

2 90 

—0.04 
—0.01 
+0 04 

— 0 II 


10 40 
0.89 
89.30 

2 90 

10 33 
0.88 

2 86 

! 

1 

— 0 07 

— 0 01 
+0 07 

— 0 04 


Day to day variations exceed- 

ing 0.30 per cent ash in coke, 
per cent 

SS 7 

43 4 

-12 3 


18.9 

0 

— 18 9 


Sinter in ore and sinter burden, 

per cent 

Air blown^ cu. ft. per nun. (car- 
bon basis) 

Blast temperature, deg. F. . . . 

Top temperature, deg. P 

Blast pressure, lb. per sq in . 
Moisture in air, grains per cu. ft 

0 

53.422 

1.085 

359 
19 3 

6 00 

4 6 

53.301 
1,03a 
379 
19 4 
2.85 

+4 6 

— 121 
“S3 
4-20 
+0.1 
“3 IS 

1 

0 

53,522 

I,il6 

.Vi 

6.00 

4 6 

54,721 

1,080 
388 
19 2 

2 85 

+4.6 

+1199 

-36 

1 —26 

1 +i 4 
' “3 IS 

+ 2 2 

Iron production, net tons per 

day 

Net coke rate, lb. per ton iron 
Flux rate, lb per ton iron. . 
Flue dust and ^udge produced, 
lb. per ton 

769 0 

1. 931 

987 

139 

793 5 

1,887 

1.003 

142 

+24 5 

+ 3 

+3 2 
— 2 3 
+ 1.6 

820 6 
1,774 

764 

IS8 

868 2 j 
1.748 1 

837 ! 

123 

i +47.6 

1 -26 

1 +63 

1 “35 

+ 5 8 
“X 5 
+ 8 2 

Calculated slag volume, lb. per 

ton iron 

Ratio bases to acids in slag. . . . 
Sulphur in slag, per cent 

1,285 

I 044 

1 79 


, +2 
+0 004 
+0 07 ‘ 


1,048 

1.024 

I 81 

1,132 

I 03s 

1 83 

+84 
+0 on 
+ 0 02 

+ 8 0 

Average iron analysis, per cent: 

Silicon 

Sulphur 

I la 

0 028 

1. 14 

0 029 

+0 02 
+0.001 


1.14 

0.028 

I 05 

0 028 

— 0 09 

0 


Casts over 1.40 per cent silicon, 

per cent 

Casts under 0.85 per cent sili- 
con. per cent 

Casts over 0.040 per cent sul- 
phur, per cent 

8,75 

9 09 

6 40 

9.19 

8 16 

5 78 

+0 44 

-0 93 

— 0 62 


8 04 

4.55 

4 90 

1 00 

7 72 

2 70 

“7.04 

+3 17 

— 2 20 



period but may be interpreted as a primary 
factor in the greater magnitude of improve- 
ment in furnace performance on coke 
from washed coals in that period. 

Determinaiion of Coke Screenings 

The coke-screening facilities at Carrie 
Nos. I and 2 blast furnaces are so arranged 
that the fines removed from the furnace 


part of the interim period of September, 
and the coke screenings were determined. 
The total screenings recovered from both 
grades of coke at the blast furnaces during 
the four-months test period were known 
and the figure ascertained by the special 
test was used as a basis for determining 
the screenings produced from coke from 
washed coals. The screenings recovered 
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from coke from unwashed coals were 
obtained by difference. In all cases coke 
dust under % in. was considered screenings. 
The essential data are shown in Table 14. 


Table 14. — Blast-furnace Coke Screenings 
Recovered at Carrie Blast Furnaces for 
Four-months Test Period 



Furnace Coke from 

Effect of 
Washing 


Unwashed 

Coals 

Washed 

Coals 

Coke screenings: 

Per ton of coke, lb 

59 3 

42 5 

-16 8 

Per ton of iron, lb 

57 0 

38 s 

-18 s 

Coke required per ton 
of iron 1 

Gross furnace coke 

1,966 

1.799 

Per Cent 
-8s 

Net furnace coke. 

1.909 

1,760 

- 7 8 


Summary of Results at Blast Furnaces 

Discussion of results obtained in the two 
separate periods confirms the need for 
duplicate checks such as were undertaken, 


the year, therefore the composite of the 
four-months test, as shown in Table 15, 
represents a sound basis for evaluating the 
advantages of coke produced from washed 
coals. The following advantages were 
obtained by the use of such coke. 

1. Daily iron production was increased 
63.3 tons, or equivalent to 8.1 per cent. 

2. Net furnace coke consumption was 
decreased 149 lb., or equal to 7.8 per cent. 

3. Flux consumption was decreased 
198 lb., or equal to 19.9 per cent, and slag 
volume was reduced 15.2 per cent. 

4. A pronounced improvement was ob- 
tained in the regularity of pig-iron analysis. 

In addition, an item of considerable 
importance is the fact that the increased 
yield of furnace coke of 3.0 per cent at the 
Clairton coke plant, combined with the 
subsequent reduction in coke requirements 
per ton of iron, means that less mined coal 
is required per ton of iron under such 
conditions than when using coke from 


Table 15. — Comparative Blast-furnace Performance and Practice Data for Composite 

Four-months Test Period 


1 

Furnace Coke from 

Effect of Washing 


Unwashed 

Coals 

Washed 

Coals 

Amount 

Per Cent 

Coke analysis (dry basis), per cent: 

Ash . . . 

Sulphur 

Fixed carbon 

Day to day variations exceeding 0.30 per cent ash in coke, per 
cent 

11.87 

0 98 

87 83 

50 0 

TO 36 

0 88 

89 34 

9.5 

-I SI 
— 0 10 
+ i SI 

-40 s 


Iron production, net tons per day 

Net coke rate, lb. per ton iron 

Flux rate, lb. per ton iron 

Calculated slag volume, lb. per ton iron 

Air blown, cu. ft. per min. (carbon basis) 

Blast pressure, lb. per sq in 

781.1 

1,999 

995 

I,a86 

53.362 

19.3 

844 4 
1,760 
797 
X1O9T 

54 129 

18 6 

+63 3 

- 149 

- 198 
-195 
+ 767 

i -0 7 

+ 8 I 
-7.8 

-19.9 

-15 2 
+ i 4 

Average iron analysis, per cent: 

Silicon 

Sulphur 

Ca8t<t over 1 40 per cent silicon, per cent 

Casts under 0 85 per cent silicon, per cent 

Casts over 0.040 per cent sulphur, per cent 

1.13 

0 029 

1 

8 63 

6 09 

1 09 

0 028 

in 

3 77 

! 

— 0 04 
— 0 001 

-4 SJ 

— 2 46 

— 2 32 



and is indicative of differences in magni- unwashed coals. In the former case 1.375 
tude of benefits that may be obtained net tons of mined coal were required 
over an extended period. The periods and in the latter 1.501, or a difference 
involved reasonably approximate the aver- equal to 8.4 per cent less mined coal needed 
age conditions that may obtain throughout when using washed coals. 
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The increase in production of iron and 
the reduction in coke rate shown in Table 
15 can be attributed wholly to the improve- 
ment in quality of coke from washed coals. 


improved production of iron and consump- 
tion of coke, but was also apparent in the 
improvement of the regularity of iron 
analysis, as shown by Figs. 3 and 4, repre- 


Piretnt 
of Casts 



Fig. 3. — Comparative distribution of silicon in pig iron produced using furnace coke 
FROM washed and UNWASHED COALS, CaRRIE FURNACES. 


The decrease in amount and variability of 
ash and sulphur in coke and the improve- 
ment in physical coke quality, all of which 
permitted a reduction in flux consumption, 
slag volume and basicity, and marginal 
burden reserve, may be cited as major 
factors in decreasing the coke rate. The 
precise extent to which each of these 
factors contributed to the over-all result 
cannot be readily determined. No marked 
difference was noted in amount of flue 
dust produced, although we believe a more 
extended test would be required to deter- 
mine accurately the true effect on that 
of several cokes tested. Complete data for 
the entire blast-furnace test period, includ- 
ing details relating to slag composition and 
burdens, appear in Table 16. 

The effect of coke from washed coals on 
furnace operation was reflected not only in 


senting distribution of silicon and sulphur 
analyses of the respective pig irons for the 
entire period. The fact that the average 
iron analysis over the entire test period 
was almost the same for all grades of coke, 
reflects creditably on the achievement of 
the blast-furnace operator charged with the 
responsibility of compl3dng with the 
severely prescribed conditions under which 
the test was conducted. 

Lower tuyere losses characterized oper- 
ation with coke from washed coals and, 
further, the use of coke from washed coals 
permitted operation with a degree of 
freedom from irregularity impossible of 
attainment with coke from unwashed coals. 
It is difficult to convey adequately the 
importance of this factor by means of 
tabulations and graphs; nevertheless, the 
blast-furnace operator faced with various 
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production problems, many of which 
suddenly arise owing to unpredictable 
changes in raw materials, will regard 
this phase of the test as of the greatest 
significance. 


Conclusion 

The test was undertaken to determine 
on a practical plant scale the advantages 
accruing to blast-furnace operation by 


Percant 
of Cotta 



Fig. 4. — Comparative distribution op sulphur in pig iron produced using furnace coke 

PROM WASHED AND UNWASHED COALS, CaRRIE FURNACES, 


One word of caution appears to be in 
order. The benefits dted for washing the 
specific Pittsburgh seam coals under study 
do not apply to all coals or all conditions. 
While the test results closely agree with the 
blast-furnace operator's rule of thumb — 
that a decrease of i.o per cent in coke ash, 
above a certain minimum, permits an 
increase of 5.0 per cent in furnace produc- 
tion — the figures reported should not be 
applied without qualification to determine 
the desirability of washing metallurgical 
coals. The type of mining, the uniformity 
and grade of coal mined, the physical 
properties of coke, the degree of uniformity 
as well as amount of sulphur and ash, will 
all have a bearing on the magnitude of 
benefits to be derived from washing coals 
for furnace coke. 


using coke produced from washed coals as 
compared with coke produced from un- 
washed coals. Since it was expected that 
the magnitude of these benefits would be 
pronounced, any unpredictable omissions 
or minor discrepancies that did result can 
well be disregarded in judging the value 
of washing the coals in question. In retro- 
spect, we can recognize that detailed 
information might have been advan- 
tageously developed on some phases of this 
investigation to make this study a more 
truly technological effort, but we believe 
that these minor departures can have no 
bearing on the conclusions that follow from 
this investigation. 

It is our belief that under the conditions 
outlined, the expected deterioration in 
quality of coking coals from the Pittsburgh 
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seam accelerated by extension of mine 
mechanization axiomatically involves coal 
washing, and that in some cases the poten- 
tial advantages of mine mechanization 
cannot be fully realized without supple- 
menting such practice with coal-washing 
facilities. 
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The Role of Basic Slags in the Elimination of Phosphorus from 

Steel 


By Richard L. Barrett* and William J. McCaughey,! Member A T.M.E. 

(New York Meeting, February 1944) 


For sixty years — in fact, ever since the 
inception of the basic steelmaking process 
— ^basic slags have been the subject of study 
by chemists, metallurgists and petrog- 
raphers, with the purpose of providing a 
better understanding of the reactions be- 
tween the slag and the metal during the 
refining process. The result of this work 
and of the researches of mineralogists and 
physical chemists into the chemistry of 
oxide systems is a considerable body of 
literature dealing not only with slags them- 
selves but with equilibrium relationships 
in systems synthesized from pure compo- 
nents. Since any actual slag is a multicom- 
ponent system more complex than any yet 
worked out in the laboratory, a complete 
solution to the problem is still far away. 

The writers have recently published a 
paper^ which they believe sheds light on the 
role of the slag in the elimination of phos- 
phorus and it is the purpose of the present 
paper to discuss the metallurgical applica- 
tions of that work. 

Since the pioneer investigations on the 
constitution of basic slags carried on by 
Stead and Risdale, Carnot and Richards, 
Hilgenstock and others in the i88o’s, a 
considerable body of literature on this 
subject has appeared. Many of the more 
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important of these papers were summarized 
in the previous paper, ^ therefore they will 
not be reviewed here. 

Petrographic Study 

The present writers have had occasion, 
over a period of years, to examine petro- 
graphically a great number of basic steel- 
making slags having a very wide range of 
chemical compositions and made under 
various conditions of operating practice. 
Although certain of these slags exhibit 
some unusual features, it is a remarkable 
fact that the great majority of mature slags 
show certain typical characteristics, which 
persist throughout the wide range of 
chemical compositions. The typical mature 
slag usually appears under the microscope 
to consist of two phases. The phase of 
primary crystallization is light colored and 
doubly refracting. If separated mechani- 
cally and subjected to chemical analysis, 
it is found to consist essentially of SiOs, 
CaO, and P2O6. Sometimes, although not 
usually, two such silicate-phosphate phases 
are found. The other conspicuous phase is 
dark in color and optically isotropic, and 
occurs as the interstitial material between 
the grains of the light colored phase. This 
dark colored interstitial phase when 
analyzed is found to consist essentially of 
FeO, Fe208, MnO, and MgO. In some slags 
high in iron oxide, particularly those from 
low-carbon heats, dicalcium ferrite is found. 
This phase is dark reddish brown in color 
and anisotropic. 



ROLE OF BASIC SLAGS IN ELIMINATION OF PHOSPHORUS 


If a slag of a given composition is com- 
pared with a synthetic preparation made 
from pure CaO, Si02, and P2O6 in which 
these three components exist in the same 
ratio as in the slag, ordinarily we find that 


believe that the study of the simplified 
three-component system would furnish a 
reliable guide to the complex multicom- 
ponent slag, at least as far as the reactions 
involving phosphorus are concerned. 


Phase 

Temp 

Si O 2 

1710 

CaO 

2570 

CaS 

2130 

^3^2 

1475 

CS 

1540 

C 4 P 

1700 

C3P 

1700 



Point Temp 
I 2065 



Fig. I. — Equiubrium diagram for the system Ca0-Si02-P206 Temperatures are 

APPROXIMATE. 


the phase of primary crystallization in the 
three-component melt can be identified as 
being the same as the light colored phase 
in the slag. It appears, then, that the 
equilibrium relationships in the mature 
slag follow very closely those in the pure 
system Ca0-Si02-P206, and that the 
presence of FeO, Fe208, MnO, and MgO, 
while it lowers the liquidus temperatures 
and may alter somewhat the form of the 
phase boundaries, does not essentially 
change conditions as far as the calcium 
silicophosphate reactions are concerned. 
This being the case, there is good reason to 


Fig. I shows an equilibrium diagram for 
the greater part of the system Ca0-Si02- 
P2O6, taken from the earlier paper. ^ This 
diagram presents a number of interesting 
aspects in connection with the study of 
basic slags. There are two ternary phases, 
which have compositions intermediate be- 
tween those of dicaldum silicate and tri- 
calcium phosphate. Since in basic slags CaO 
normally is present in sufl&cient amount to 
approximate or to exceed the orthosilicate 
ratio, this is the part of the diagram of 
principal interest in connection with the 
present problem. The light colored phases 
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found in basic slags of various t3rpes are 
dicalcium silicate, nagelschmidtite, silico- 
carnotite, tricaldum phosphate and tetra- 
calcium phosphate. In the more acid 
portion of the equilibrium diagram, it is 
striking that cristobalite has a remarkably 
large field and that there is an extensive 
region of liquid immiscibility. It seems 
unlikely, however, that this part of the 
system applies to the slag problem, since 
R. A. Schoenlaub’s work on the system 
CaMgSi04-CaMnSi04-CaFeSi04 indicates 
that where CaO is insufficient to equal the 
orthosilicate ratio, MgO, MnO, and FeO 
enter into combination with silica. 

Solid Solution of Calcium Silicates 
AND Phosphates 

A number of years ago the writers, in 
the course of a petrographic examination 
of some basic open-hearth slags, noticed 
that the principal light colored phase had 
optical properties similar to those of beta 
dicalcium silicate except that the indices 
and birefringence were abnormally low. 
Some time later, A. T. Cape made the 
suggestion that the phosphorus in the slag 
might be carried in solid solution in the 
silicate phase, thus altering the optical 
properties of the latter. This suggestion 
was confirmed by H. C. Lee by a diemical 
analysis of dicalcium silicate from an open- 
hearth slag, which showed it to contain 
phosphorus. Since this phenomenon ap- 
peared to have an important bearing on 
the slag problem, the present writers made 
an investigation of the extent of solid 
solution between calcium silicates and 
phosphates, part of the result of which is 
shown in Fig. 2. This diagram shows the 
probable equilibrium conditions in the two- 
component system whose end members are 
dicalcium silicate and tricaldiun phosphate. 
The two ternary phases, nagelschmidtite 
and silicocamotite, whose fields of primary 
crystallization are shown in Fig. i, have 
compositions that lie on this binary. 
Liquidus temperatures shown in this dia- 


gram are approximate, since the tempera- 
tures are too high for accurate determination 
by available methods. In any case, in a slag 
the presence of additional components 
certainly lowers melting temperatures. The 
significant fact about the diagram is the 
great degree to which solid solution prevails 
in all four phases. Throughout three fourths 
of the range of compositions, only single 
phases exist. The extent to which each of 
these phases has variable composition may 
be defined by giving its homogeneity range, 
or the limits of composition within which 
only a single homogeneous crystal phase 
may exist. 

Since slag analyses usually are expressed 
as oxides, the homogeneity range of these 
phases may be conveniently expressed in 
terms of the ratio P2O6/P2O6 + SiOa calcu- 
lated by weight. As shown in Fig. 2, 
dicalcium silicate may contain up to 10 per 
cent P2O6. The homogeneity ranges of the 
four phases, e2q)ressed in the form of the 
ratio P208/Pii05 + Si02, are as follows: 
dicalcium silicate from 0.0 to 0.27, nagel- 
schmidtite from 0.31 to 0.58, silicocamotite 
approximately from 0.71 to 0.80, and tri- 
calcium phosphate approximately from 
0.89 to 1. 00. This extensive solid solution 
readily explains why in most mature slags 
only one light colored phase, which is com- 
posed of CaO, Si02 and P2O5, appears. 
This solid solution appears to be of the 
substitution type with PO4 groups sub- 
stituting for Si04 groups, and vice versa. 
Solid solution in any of the phases in this 
system other than the four having the 
orthosilicate ratio is very limited in extent. 
It appears then that when there is enough 
CaO present to combine with all of the Si02 
and P2O6 in the orthosilicate ratio these 
two components are almost completely 
interchangeable and the bonding between 
them and CaO is of a similar type regard- 
less of the P2O6/P2O6 + Si02 ratio. This 
fact appears to be of major importance in 
the elimination of phosphoms from steel. 
Another significant feature of the diagram 



90 


ROLE OF BASIC SLAGS IN ELIMINATION OF PHOSPHORUS 


is the sharp decline in liquidus temperatures 
as the ratio P206/Si02 + PzOb increases. 
Where the prevailing practice involves the 
use of slags high in P2O6, as in the Birming- 


lying on any straight line that passes 
through the CaO corner must have the 
same P2O6/P2O6 + Si 02 ratio. The homo- 
geneity ranges of the four phases are shown 


J aioo®c® 


J 2000 


(900 



0 

0028104 


J 1800 


J 1700 


LJ 1600 


P2O 


2^5 


ratio 


Si 02‘t' ^2^5 

Fig. 2. — Probable equilibrium relationships in the system Ca 2 Si 04 -Ca 8 p 208 . Tempera- 
tures ARE approximate.* 

Extensive solid solution exists in all four solid phases. 


ham, Alabama, district for example, a lower 
temperature is effective in getting the lime 
and the silicate phase completely dissolved 
in the slag, and the lower working tempera- 
ture probably is more favorable to long 
roof life than is the usual northern practice. 

Fig. 3 shows the compositions of a num- 
ber of basic steelmaking slags plotted in 
terms of the three components CaO, Si02 
and P2O5. In this diagram all compositions 

*Two recent papers *.5 present equilibrium 
diagrams for this system. They differ in cer- 
tain respects from our diagram and from one 
another, but the points of difference do not 
materially affect the conclusions of this paper. 
Both of these interpretations, like our own, are 
admittedly diagrammatic and based upon in- 
complete data. There is rather general agree- 
ment among the three diagrams regarding the 
phases present and their solid solubility ranges. 


on the right side of the triangle and are 
represented within the diagram by tri- 
angular sectors. We may expect that the 
nature of the light colored phase to be 
found in each of these slags will depend 
upon which sector it lies within. Micro- 
scopic and X-ray study of the actual slags 
confirms this supposition. 

Mineralogical Constitution of Slag 

The significance of the mineralogical 
.constitution of the slag is clarified if the 
changes that take place during the progress 
of a typical open-hearth heat are traced. 
Furnaces in the Ohio Valley district oper- 
ate on pig made from Lake Superior ore, 
the pig having a phosphorus content of 
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around 0.2 per cent.* The resultant slag 
when in a mature condition has a P2OB/ 
P2O6 + Si02 ratio between o.io and 0.25. 
In the early stages of the heat, however, 


FeO, MnO, and MgO and relatively low 
in CaO. These meltdown slags fall largely 
within the system monticellite-glauco- 
chroite-calcium fayalite (CaMgSi04-Ca- 



Fig. 3. — Proportions op CaO, SiOa, and PaOe in certain slags and the limiting PaOs/SiOa 4 * 

PaOfi RATIOS OF the IMPORTANT SILICOPHOSPHATE PHASES. 

^ No. I. Typical open-hearth slag from the Mahoning Valley district. Light colored phase in 
this slag is dicalcium ^icate.^ 

No. 2. British open-hearth slag. Light colored phase is nagelschmidtite. 

No. 3. Open-hearth slag from 3 ie Birmingham district, Alabama, of which a photomicrograph 
is shown as Fig. 4. Light colored phases are nagelschmidtite and silicocamotite. 

No. 4. German basic bessemer slag reported by Schneiderhohn.'* Light colored phases tetra- 
caldum phosphate and silicocamotite. 

No. 5. Slag from same furnace as No. 4 but with sand added to converter to increase citrate 
solubility of slag. Light colored phase is silicocamotite. 

No. 6. Experimental electric-furnace slag of very high phosphoms content. Light colored phase 
is largely low-temperature form of tricalcium phosphate. 


the slag has a composition quite different 
from that in the mature condition. This 
early slag is very fluid and is high in Si02, 

* In many American mills the practice has 
arisen of charging open-hearth slag, particu- 
larly from low-carbon heats, into the blast 
furnace. The result is to increase the phos- 
phorus content of the pig, the amount in 
present practice not usually exceeding 0.6 per 
cent. This is essentially a conservation measure 
and serves not only to recover iron from the 
open-hearth slag but to recover alloying agents 
that otherwise would be lost. Increased adop- 
tion of this practice would lead to the pro- 
duction of open-hearth slags of higher phos- 
phorus content, perhaps approaching the type 
common in Europe. 


MnSi04“CaFeSi04). R. A. Schoenlaub has 
studied this system and has found that a 
continuous series of solid solutions exists 
between these end members; that the melt- 
ing temperatures range from 1240® to 
i5oo®C. and that the solid solution of 
Ca8P208 in this S3^tem varies between a 
maximum of 6 per cent and a minimum of 
I per cent. 

The meltdown slag is sometimes referred 
to as a glaucochroite type, or a monticellite 
type. Since a complete series of solid solu- 
tions exists in this system, the use of one 
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or another of these terms may imply a 
distinction without a difference. The 
significant thing is that the iron and 
manganese oxides are combined with SiOa 
and CaO in the form of calcium fayalite 
(CaFeSi04) and glauchochroite (CaMn- 
Si04). In this stage the slag is low in cal- 
cium oxide and is very fluid, and its 
temperature is considerably above the 
liquidus. During this stage the greater part 
of the limestone charged into the furnace 
is still in the solid state either underlying 
the bath on the bottom of the furnace or 
as large lumps of stone floating in the bath. 
The lime combines readily with silica from 
the slag to form dicaldum silicate, which, 
while it slowly goes into solution in the 
slag, at first forms a coating over the lime- 
stone lumps and prevents ready access of 
the slag to the mass of the lime. Many 
limestones, however, have a tendency to 
spall under these conditions, which causes 
continued exposure of fresh surfaces of the 
stone to the action of the slag. Limestones 
that are porous or do not exhibit a spalling 
tendency may become so heavily covered 
by this protective coating of dicalcium 
silicate that the progress of the heat 
is seriously retarded. This is one reason 
why limestones that may be satisfactory 
from the standpoint of chemical analysis 
may be unsuitable for open-hearth use. 
As the lime content of the liquid increases, 
the liquidus temperature is greatly raised, 
and although the temperature of the slag 
may be increasing it loses the high degree 
of superheat that it possessed during the 
meltdown stage. 

The increase in CaO content of the slag 
causes a major change in its mineral con- 
stitution. Dicalcium silicate is formed, a 
considerable part of which may remain in 
the crystalline state for some time. The 
oxides of iron, manganese, and magnesium 
are no longer combined with silica and may 
be thought of as existing in an uncombined 
condition. It is during this stage that the 


phosphorus content of the bath is most 
rapidly lowered. 

Removal of Phosphorus 

The removal of phosphorus from the 
bath is the result of an oxidation reduction 
reaction: 

2P + sFeO ^ PaOs + 5 ^® [i] 

It is a matter of common observation in 
the open hearth that the progress of 
this reaction is profoundly modified by 
variations in the composition of the slag. 
In all probability, the effect is a complex 
one and involves various factors. In point- 
ing out the importance of slag constitution 
it is not implied that other factors such 
as viscosity may be ignored as negligible. 

The increasing CaO content of the slag 
may be considered to affect the reaction 
between P and FeO in two ways. In the 
first place, by combining preferentially 
with silica, CaO releases FeO, which then 
is free to react with P. In the second place, 
by combining with one of the products 
of the reaction, P2O6, CaO serves to pro- 
mote progress of the reaction toward the 
right. It is customary to refer to the product 
of this combination of CaO with P2O6 as 
tricalcium phosphate, Ca 8 P 208 . However, 
it is not necessary to suppose that tri- 
calcium phosphate as such exists in the 
slag as a molecular species. As Fig. 2 shows, 
two ternary compounds, nagelschmidtite 
and silicocarnotite, have compositions 
intermediate between dicalcium silicate 
and tricaldum phosphate. These two com- 
pounds, along with tricaldum phosphate 
itself, may be thought of as analogs of 
dicaldum silicate derived from it by the 
substitution of PO4 groups for Si04 groups 
with the omission of one Ca ion for each 
such group substituted. Since dicaldum 
silicate itself can contain up to 10 per cent 
P2O6 in solid solution, it constitutes a 
stable compound of CaO, Si 02 and P2O6. 
As a matter of fact, since dicaldum silicate 
containing P2O6 does not invert to the low- 
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temperature form, it may be considered 
to be more stable than the pure compound. 

Thus, insofar as the elimination of phos- 
phorus is concerned, the important func- 
tion of CaO is to promote formation of a 
stable compound containing P2O6, which 
will not be readily reduced in contact with 
metallic iron and is relatively stable in 
such an environment. 

In the later stages of the heat, lime and 
iron ore are usually added, the former to 
control the basicity of the slag and the 
latter to increase the oxidation of the bath. 
In American practice it is customary to 
build up the CaO content of the slag to a 
considerable excess over the orthosilicate 
ratio. 

An excess of CaO in the slag over that 
required to combine with the silica and the 
P2O6 is probably necessary in the basic 
process. The presence of this additional 
CaO with FeO provides a mechanism for 
the transfer of oxygen from the furnace 
atmosphere through the slag to the bath. 
Iron oxide can be preserved in the higher 
stage of oxidation even at high tempera- 
tures if the iron oxide is combined with the 
CaO to form ferrites, such as dicalcium 
ferrite ( 2 Ca 0 .Fe 20 j). This compound is 
found frequently in well matured slags 
formed on low-carbon heats, such as open 
heats or ingot-iron heats. 

The reaction calling for oxygen transfer 
is that taking place at the slag-atmosphere 
interface; i.e., 

2CaO + sFeO + 0 — > 2 Ca 0 .Fe 208 [2] 

The dicalcium ferrite so formed diffuses 
through the slag and at the slag-bath 
interface reaction 3 takes place: 

2Ca0.Fe203 + Fe— ► 2CaO + 3FeO [3] 

Part of the FeO formed at the metal con- 
tact dissolves in the bath and oxidizes the 
metalloids molecularly dissolved in the 
bath as indicated by Eq. i. 

Reactions 2 and 3 take place in the slag 
and reaction i in the bath. 


The increasing amounts of iron oxide 
found in the slag during the progress of 
the heat indicate that the reactions of 
oxidation of iron into slag exceeds the 
reduction of iron oxide in the bath by the 
metalloids. 

In certain English and Canadian mills 
where ores higher in phosphorus are used, 
slags are produced having a P2O5/P2O6 
+ Si02 ratio of around 0.4 or 0.5. The 
development of these slags is similar to that 
just described except that when the CaO 
content approaches the orthosilicate ratio 
nagelschmidtite is produced. As previously 
pointed out, this phase may be thought 
of as an analog or substitution product of 
dicalcium silicate. Although it bears a 
striking resemblance to the latter, it can 
be readily distinguished by optical or X-ray 
methods. No. 2 on Fig. 3 represents such 
slag, and the material originally described 
by Nagelschmidt was separated from a slag 
of this type. 

On the continent of Europe ores stiU 
higher in phosphorus are the rule and open- 
hearth slags having a P2O5/P2O6 + Si02 
ratio of around 0.7 may be produced. As 
CaO goes into solution in these slags, silico- 
carnotite is produced. This is true also in 
the Birmingham, Alabama, district, al- 
though there the P2O6/P2O6 + Si02 ratio 
may be slightly lower and both nagel- 
schmidtite and silicocarnotite may appear 
in the slag. Fig. 4 shows a photomicrograph 
of a thin section of an Alabama slag that 
shows both phases. The phases are readily 
distinguished by the pronounced differ- 
ence in birefringence, which causes silico- 
carnotite to appear in the photograph as 
white and nagelschmidite as medium gray. 

Steel has been produced, at least experi- 
mentally, from ferrophosphorus, with a 
slag having a P2O6/P2O6 + Si02 ratio 
higher than 0.85. The light colored phase 
in this slag was principally the low-tem- 
perature form of tricalcium phosphate, 
which is the equivalent of the natural 
mineral whitlockite. 
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In the basic bessemer, or Thomas process, 
employed very largely in Europe, slags 
having a P2O5/P2O5 + SiOa ratio above 0.8 
are produced as a routine matter. Higher 



Fig. 4. — Thin section of remelted open- 
hearth SLAG FROM BIRMINGHAM DISTRICT, 
Alabama (No. 3 in Fig 3). About X 75. 
Crossed nicols. 

Gray ^ams are nagelschmidtite, white 
grains shicocamotite Background is dark 
colored interstitial phase 

CaO contents are employed there, causing 
the formation of tetracalcium phosphate 
Slags so high in phosphorus can profit- 
ably be utilized as fertilizers, conse- 
quently the availability of the phosphorus 
for the use of plants is an important con- 
sideration. Available phosphorus usually 
is defined as the portion that can be dis- 
solved in a 2 per cent citric acid solution. 
Since both whitlockite and tetracalcium 
phosphate have lower citrate solubilities 
than silicocamotite, it is desirable to reduce 
the P2O8/P2O6 + Si02 ratio so that silico- 
camotite is formed. This is done by adding 
sand to the converter. This is a matter of 
producing a salable by-product, however, 
rather than of steelmaking. From the fore- 
going evidence it would appear that steel 
can be produced just as successfully with 
slags having the higher P2O5/P2O6 + Si02 
ratios. 

There is, however, another consideration 
that is important where slags are to be sold 
as fertilizer. The common practice of 


adding fluorspar to reduce the viscosity of 
the slag is disastrous to the utilization of 
phosphorus by plants. The presence of the 
fluorine ion causes the formation of apatite, 
which is a highly stable mineral with a low 
citrate solubility; consequently the use of 
fluorspar must be avoided if the availability 
of the phosphorus for plants is an important 
consideration. 

Thomas, the father of the basic steel- 
making process, is supposed to have re- 
marked that any amount of phosphorus 
would be removed from iron if the slag were 
made basic enough. Although other factors 
may be involved, it appears that the basis 
for this important fact is to be sought in 
the mineral constitution of the slag. The 
required condition is that a stable com- 
pound of CaO, Si 02 and P2OB shall be 
produced in the slag, the formation of 
which will promote the continued oxidation 
of phosphorus. This condition is attained 
when the CaO content of the slag ap- 
proaches and exceeds the orthosilicate ratio. 
The particular compound formed depends 
upon the P2O6/P2O6 + Si02 ratio, as shown 
in Fig. 3. Dicalcium silicate, nagelschmid- 
tite, silicocamotite, and tricalcium phos- 
phate all fulfill the required condition. 
Since the substitution of PO4 for Si04 is 
confined for practical purposes to com- 
pounds having the orthosilicate ratio, the 
necessary conditions are attained only 
when the slag is sufl&ciently basic. In Ameri- 
can practice it is usual to employ an 
“excess” of lime for reasons already dis- 
cussed. In this connection, however, it 
should be noticed that CaO plays a part 
in the elimination of sulphur and in other 
phenomena not considered in this paper 

References 

1. R. L. Baxrett and W. J. McCaughey. The 

System Ca0-Si02-P206. Amer. Min- 
eralogist (1942) 27, 280. 

2. G. Tromel Stahl und Eisen (1943) 63, 21 

3. M. A. Bredig: Amer, Mineralogist (1943) 28, 

594 - 

4. H. Schneiderhohn. Stahl und Eisen (1929) 

49 , 345 - 


DISCUSSION 


95 


DISCUSSION 

{H K Work presiding) 

M A Bredig,* New York, N. Y.— The 
authors have presented an interesting review 
of the reaction mechanism by which phosphorus 
is eliminated from steel in basic slags A some- 
what different equilibrium diagram of the 
system Ca0-Si02-P206 has recently been 
proposed by the writer. Since, in a sense, this 
new diagram is considerably simpler at the 
steel-melting temperatures — although, at lower 
temperatures, the new relationships between 
the solid phases are somewhat more complex — 
it is thought to be of sufficient interest to be 
briefly discussed. 

In the temperature range above i6oo®C. 
(29 oo°F ), covered by the binary diagram. 
Fig 2, only two solid phases, instead of four, 
are assumed by the writer to occur in equilib- 
rium with the liquid phase (Fig 5); namely, 
simply the high-temperature phases (alpha) 
of both components, tricalcium phosphate and 
dicaldum silicate The phase called “nagel- 
schmidtite” by Barrett and McCaughey, and 
previously considered as a ternary compound 
7CaO.2Si2.P2O8, was shown by the writer® to 
be a solid solution of CajPaOa in a new hexa- 
gonal high-temperature form of Ca^SiO^, which 
had not been known before, but lately was 
confirmed by K. T. Greene.® The structure is 
one common to the high-temperature modifica- 
tions of various compounds of the type -4aX04, 
such as Na2S04, K2SO4, CaNaP04, CaKP04, 
and others 

Since even preparations as high in phosphate 
content as silicocamotite, 5CaO.SiO2.P2O8 
(more than 70 weight per cent CajPaOa), 
possess this simple hexagonal structure when 
quenched from above i3oo°C. (235o°F.), 
the area of this new high-temperature form of 
dicalcium silicate (alpha) must, at the high 
temperatures, be extended across the con- 
centration range of even silicocamotite to an 
area in which alpha tricaldum phosphate is 
second phase. No ternary compounds can 
exist, therefore, in equilibrium with the liquid 

* Vanadium Corporation of America. 

6 M. A. Bredig* (a) Jnl. Amer. Chem. Soc. 
C1941) 63, 2533; ib) Jnl. Phys. Chem. (1942) 
46. 747-764; (c) Amer. Mineralogist (1943) 28, 
594-601. 

® K. T. Greene: Jnl. of Research^ Nat. Bur. 
Stds. RJP. 1570 (Jan* 1944 )* 


in the system Ca2Si04-Ca8P208. In the diagram 
of the ternary system Ca0-Si02-P208 (Fig. i) 
the fields of primary solidification of “nagel- 
schmidtite,” of silicocamotite and of “C2S” 
(dicaldum silicate) are to be replaced by one 
single area (alpha C2S) indicating the field of 
hexagonal, alpha, dicaldum sihcate (solid 
solutions). 

Silicocamotite, as well as orthorhombic 
dicaldum silicate, actually is a product of 
transformation, in the soLd state at lower 
temperatures, of the hexagonal phase This 
low’er temperature range is shown in Fig. 6. 
In accordance \dth recent data, some trans- 
formation temperatures are chosen somewhat 
different from the writer’s previously published 
schematic diagram,®® w'hich, like Figs. 5 and 6, 
was not intended to give more than qualitative, 
or semiquantitative, information 

In Fig. 6 the existence of a dicaldum silicate 
phase (alpha prime) is indicated, w’hich 
apparently was not recorded by the authors 
In the range below 21 weight per cent CasP208, 
they have reported one orthorhombic dicaldum 
silicate phase only, probably beta Ca2Si04, 
besides gamma, the lowest-temperature form 
The additional phase alpha prime, isotypic 
with orthorhombic beta K2SO4, and observed 
by the writer as w^ell as by G. Trbmel* (phase 
K), appears to be so similar in its optical 
properties to the other, better kno^^m, ortho- 
rhombic beta form of dicalcium silicate that it 
can be identified by X-ray diffraction only. 

The alpha prime phase is thought by the 
writer to be also represented by a preparation 
23Ca0.K20.i2Si02, obtained by W. C. Taylor,^ 
who described its optical properties as very 
dosely resembling those of beta dicaldum 
silicate. X-ray data indicate that the mineral 
merwinite, 3Ca0.Mg0.2Si02, may also simply 
be a solid solution of Mg2Si04 in alpha prime 
dicaldum silicate. 

The writer agrees with the authors in that 
the proposed modifications of the equilibrium 
diagrams — though of considerable importance 
— do not materially affect the conception of the 
process of elimination of phosphorus from steel, 
except that they permit one to think very 
simply in terms of essentially one solid phase 
only, in equilibrium with the liquid slag — 
namely, of hexagonal alpha dicaldum silicate 

^ W. C. Taylor: Jnl. of Research^ Nat. Bur. 
Stds. (1941) 27, 311-323* 
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in which numerous Si04 ions can be replaced upon his idea of a structural analogy between 

by PO4 ions The complications, to the petrog- some of the phases in this system and the high- 

rapher, or X-ray aystallographer, who ob- temperature and low-temperature phases of 

serves three, or four, or even more, different KoSOi This in turn seems to be based upon the 



Ca^t 04 Weight, per cent 

Fig 6. 

silicate-phosphate phases, depending on the evidence of X-ray powder diffraction patterns, 

composition of the slag, are solely due to the In our opinion, this interpretation needs 

described transformations, in the solid state, confirmation At the same time, we do not 

at comparatively low temperatures during wish to claim finality for our own interpreta- 

cooling tion, particularly with respect to the form of 

the liquidus. 

R. L. Barrett and W. J. McCatjghey One question of fact needs to be cleared up. 
(authors’ reply) — Bredig’s interpretation of We have not stated that beta Ca2Si04 is 

the equilibrium relationships in the system orthorhombic, as Bredig sa3rs. Single crystals 

Ca 2 Si 04 -Ca 8 p 208 appears to rest primarily of this phase (with CajP208 in solid solution) 
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have been obtained from casts of open-hearth 
slags. These single crystals are prismatic in 
form and have an extinction angle up to 7° 
from the axis of elongation, which would 
indicate that phase to be monoclinic. 

In considering the application of this system 
to open-hearth slags, it must be kept in mind 
that the presence of additional components in 
the slag materially affects the equilibrium 
relationships. The presence of certain compo- 
nents often produces metastable conditions and 
structural compounds are formed that ordi- 
narily are not present. For instance, in high- 
alumina systems containing Si02 and Na^O, 
beta alumina is formed instead of corundum. 


Similarly, in the system LisO.Al2Os.SiOs> 
gamma alumina crystallizes in octahedrons 
instead of the hexagonal corundum. A chemical 
analysis of the gamma alumina crystallizing 
from melts in system LisO.AlsOa.SiOs contain 
only a small fraction of one per cent of 
LiaO. 

The phase equilibrium as worked out by us 
is in agreement essentially with phases identi- 
fied in the examination of many open-hearth 
slags by X-ray and petrographic methods. 
This evidence leads us to believe that beta 
Ca2Si04, nagelschmidtite and silicocamotite 
all occur in the equilibrium associated with 
basic open-hearth steel slags. 



The Relative Deoxidizing Power of Boron in Liquid Steel and the 
Elimination of Boron in the Open-hearth Process 

By R. W. Gukey* 

(New York Meeting, February 1944) 


Thebmodynamic calculations indicate 
that boron is a better deoxidizer than silicon 
but probably is not quite as effective as 
aluminum. Boron should, therefore, be 
readily oxidized out of the open-hearth 
bath, which implies that it is not recovered 
in significant concentration from any scrap 
charged; also that, if added in the ladle, it 
tends to oxidize out during teeming unless 
protected by the presence of a better 
deoxidizing agent. These conclusions do 
not apply to liquid cast iron, in which the 
oxygen content is much lower than in 
liquid steel. 

The possibility of conserving certain 
strategic allo3dng elements widely used in 
steelmaking, notably manganese, chro- 
mium and molybdenum, by the use of 
boron, which in small concentration ap- 
pears to be extraordinarily effective in 
promoting hardenability, raises a question 
as to what extent any boron present in the 
scrap charged into the open hearth is 
oxidized out during melting and subsequent 
refining. This question is significant because 
the optimum concentration of boron in the 
finished steel, which is fairly critical, would 
be very difficult to attain if the boron in the 
charge were largely retained in the metal. 
Moreover, unless boron is substantially 
eliminated in the open-hearth process its 
use on a large scale would eventually make 
it impossible to produce boron-free steel 

Manuscript received at the office of the 
Institute July 16, 1943. Issued as T.P. 1641 in 
Metals Technology, December 1943. 

♦Research Laboratory, U. S. Steel Cor- 
poration, Kearny, New Jersey. 


except by restricting the charge to virgin 
material. 

There is at present, unfortunately, 
virtually no satisfactory direct evidence to 
provide an answer to this question; but 
there are indications from practice that 
boron is oxidized out in the open hearth in 
the production of medium or low-carbon 
steel, although it may be retained if the 
carbon content remains fairly high; that is, 
if the oxygen is kept fairly low. 

In the absence of direct data, it is 
necessary to rely upon the indications of 
indirect evidence, the best approach now 
available being a thermodynamic calcu- 
lation of the deoxidizing power of boron in 
liquid steel by the general method used so 
successfully by Chipman^ in his study of 
the reactions in the open-hearth process. 
The thermal data for boron, upon which 
such a calculation must be based, are 
reasonably satisfactory; the only quantities 
not directly determined are the entropy of 
melting of boron, the activity coefficient 
of boron in liquid steel, and the activity 
coefficient of BsO* in an open-hearth slag; 
but these values may be estimated with 
ample accuracy. 

The results of this calculation, which is 
presented later, are given in Table i, 
together with corresponding data for other 
deoxidizing elements. This table shows the 
calculated residual content of oxygen in 
equilibrium with different residual concen- 
trations of the deoxidizer in the metal; 


^ References are at the end of the paper. 
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thus, for a given residual concentration of 
deoxidizer, the lower the residual oxygen 
content, the greater the deoxidizing power 
of the element in question. These data 
show beyond doubt that boron is a fairly 
effective deoxidizer for iron and should 
therefore be almost entirely removed dur- 
ing the open-hearth process; more specifi- 
cally, the deoxidizing power of boron is 
greater than that of silicon, vanadium or 
titanium, and approaches that of zirconium 
or aluminum. This is not surprising when 
it is considered that boron and aluminum 
occupy adjacent positions in the third 
column of the periodic system. It should 
also be noted that the assumptions made 
in the calculations tend in general to yield 
too low a value for the deoxidizing power, 
hence rne conausions as stated above are 
probably conservative. 


in the form of a complex alloy containing a 
good deoxidizer such as aluminum or 
calcium, the presence of these elements in 
relatively high concentration usually suf- 
fices to protect the boron, although the 
extent of this protection varies significantly 
with such conditions as the original oxygen 
content, the temperature of the liquid 
steel, and the composition of the deoxidiz- 
ing alloy, so that the results obtained may 
be somewhat erratic. In any case the 
safest method is, as stated above, to be 
sure that the metal is well deoxidized 
before the boron is added, whether as ferro- 
boron or as a complex alloy. 

It is also evident from the calculations 
that borax (Rasorite) does not deoxidize 
steel except as it may act as a solvent for 
FeO, MnO and other oxides. If the slag 
contains a relatively large quantity of 


Table i. — Deoxidizing Power of Boroti and Other Elements at i6oo^C. in Molten Iron in 
Contact vnih a Slag Composed of the Pure Oxide of the Element 

Residual Oxygen in Iron. Per Cent by Weiglit« 


Deoxidizing Element, 
Per Cent by Weight in 
Iron 

Boron 

Aluminum 

Zirconium 

Titanium 

Vanadium 

Silicon 

/ » O.IO 

/ « 0-02 

/ - 0.68 

/ ■■ 0.10 



/ » 0.02 

0.0005 

O.OOJ 

0.005 

O.OI 

0.05 

O.I 

o.S 

I.O 

0 0017 

O.OOII 

0.0004 

0.00023 

0.00008 

0.00005 

0.00002 

0.00001 

0 005 

0 003 

O.OOII 

0.0007 

0.00023 

0.00014 

0.00005 

0.00003 

0 0006 

p.0004 

0.000x2 

0.00008 

0.000026 

0.000017 

0.000006 

0.000004 

0.0007 

0.0005 

0.00023 

0.00016 

0.00007 

0.00005 

0.000023 

0.000016 

0.012 

0.008 

0 004 

0 0027 
0.0012 
0.0009 
0.0004 

0.00027 

(0.4) 

0.25 

0.09 

0.05 j 
0.019 

0.012 

0.004 

0.0025 

C0.3) 

0.19 

0.09 

0.06 

0.027 

0.019 

0.009 

0.006 


a The symbol / represents the activity coefficient of the metal dissolved in liquid iron or steel relative to the 
Uquid element at idoo^C. The value of/ for aluminum is taken from Chipman^ and that for silicon from Darken.* 


The relatively high affinity of boron for 
oxygen shown in Table i indicates that 
boron, unprotected, tends to oxidize out 
during teeming; hence, if “fading” is 
to be avoided, the boron must be protected 
by the addition of a more powerful de- 
oxidizer, which means that preferably the 
sted. should be thoroughly deoxidized 
before the boron is added. If the boron is 
introduced as ferroboron, the steel should 
first be deoxidized with aluminum or some 
other very powerful agent; if boron is added 


borax, FeO or MnO may be so distributed 
between slag and metal that virtually all 
of these oxides go into the slag, to leave the 
metal low in oxygen; but this effect is quite 
different from the deoxidation of iron 
through removal of oxygen by reaction 
with boron to form BtO*. On the other 
hand, a borate may be reduced to some 
slight extent by well-deoxidized liquid iron 
or steel, so as to introduce into the steel a 
very small, yet possibly significant, con 
centration of boron, the final boron and 


















lOO 


DEOXIDIZING POWER OP BORON IN LIQUID STEEL 


oxygen contents being related by the 
equilibrium equation given in the next 
paragraph, provided that the slag is as- 
sumed to be B2O8. It is readily seen that 
conditions are favorable for the introduc- 
tion of a relatively large amount of boron 
when a borate is added to steel containing 
an appreciable residual concentration of 
aluminum or other good deoxidizer, or 
when a borate is added simultaneously 
with an amount of aluminum in excess of 
that necessary to deoxidize the steel. The 
amount of boron actually brought into the 
steel by such a process depends, in part, 
upon the degree to which the equilibrium 
is approached under operating conditions. 

Calculations 

The deoxidizing power of boron in liquid 
steel is most conveniently expressed in 
terms of the equilibrium constant K for the 
reaction: 

2B -|- 3O = BjOs 
liquid dissolved liquid 
in Fe 


AF® - AH® - TAS® « 10300 - 4.or 
or 

AF®ieoo = 2810 cal. per mol 

Hence, for the reaction 

2B 4 “ Ji 02 = B2O8: 
liquid gas hquid 

AF®i8oo = —254600 cal. 

But since 

AF® = - 2 ,sRTlogK 
log j^i8oo = 20.71 

Marshall and Chipman^ give the following 
data: for the reaction 

CO + 0 = CO2: 

gas % dissolved gas 
in Fe 

log iTisoo == —0.052 

and for the reaction 

CO -[- J ^02 = C 02 :log iTieoo = 3*3^3 
gas gas gas 


No direct determination of this constant 
has been made but it may be evaluated 
with fair accuracy by a suitable combi- 
nation of data for other reactions. 

According to Southard,* the free energy 
change at i6oo®C. of the reaction 

2B + ?iOt = B2O8 
solid gas liquid 

is 

AF®i6oo *=* —249000 cal. 

Neither the heat of melting nor the entropy 
of melting of boron (m.p. about 23oo®C., 
01* 2573° absolute) is known; but, judging 
from data on adjacent elements in the 
periodic table, the entropy change at the 
melting temperature cannot be very far 
from 4.0 entropy units, from which the 
heat of melting at the melting point is 
10,300 cal. The free energy change per mol 
on melting is, therefore, 


Whence by subtraction 

= O ;log iTieoo — 3-4IS 
gas % dissolved 
in Fe 


Hence, by combination with the data for 
the formation of B2O8, 


2B 3O = B2O8: 

liquid % dissolved liquid 
inFe 

log K = 19.47 
or 


■S^ieoo — 3*0 X 10^® 


^B»0i 

a*B(% 0 in Fe)» 


where qb and are respectively the 
activity of boron and of its oxide. 

It is now assumed that the activity of 
B2O8 is unity; that is, that the slag is pure 
BiOs. This assumption yields a minimtim 
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value for the deoxidizing power of boron, 
since in an open-hearth slag the B2O8 
would normally be dissolved or combined 
with silica or other oxide, and its activity 
would be less than unity. On the basis of 
this assumption, 

a*B(% O in Fe)® = 3.3 X lo-^® 

But Ob is by definition equal to the product 
OTb, where / is the activity coeflicient 
relative to liquid boron and Nb is the mol 
fraction of boron in liquid steel. The mol 
fraction Nb may be expressed in percentage 
boron by means of the relation = 
o.o5t6(% B). 

The value of/ is not known exactly, but, 
judging from the value of the activity 
coefiSdent of other metals in liquid iron, 
as given in Table i, it probably lies 
between 0.10 and 0.02. On the basis that 
f “ o.io, ub = o.oosi 6 (% B in Fe). 

Therefore 


(% B in Fe)*(% O in Fe)® = 1.24 X io-» 
or 


(% 0 in Fe) 


1.07 X 10-* 
(% B in Fe)?^ 


If / = 0.02, Ob = o,ooT03(% B in Fe) and 
(% B in Fe)*(% 0 in Fe)* ■■ 3.1 X io~^^ or 

^ 3 . 1 X 10 -* 

%OmFe - 

From these two relations it is possible to 
calculate the concentration of oxygen and 
of boron in equJhbrium with each other at 
i6oo®C* in molten iron in contact with a 
boric oxide slag. This has been done with 
results listed in Table i, from which, in 
spite of the uncertainty in the value of the 
activity coefTident, it is obvious that boron 
is an effective deoxidizer and tends to 
oxidize out of the metal during the open- 
hearth process and, if there is an appred- 
able increase in the oxygen content of the 
steel as it is being poured, during teeming 
of the ingots as well. This tendency is even 
more marked if the B808 formed dissolves 
in, or enters into combination with, some 


other oxide. The results also suggest that 
boron added to the ladle or ingot mold may 
not be recovered in significant concen- 
tration unless the oxygen content of the 
steel is relatively low; that is, unless the 
steel has first been fairly well deoxidized. 
This, of course, implies that borax 
(Rasorite) does not react with the oaygen 
in liquid steel; however, at high concen- 
tration of borax in the slag some deoxi- 
dation probably will result from the solvent 
action of borax on FeO. Actually, the calcu- 
lations indicate that, if equilibrium were 
attained with a pure B2O8 slag, a com- 
pletely deoxidized liquid steel, even if it 
contained no excess of deoxidizing agent, 
would reduce boric oxide to the extent that 
the boron content of the steel would be of 
the order of 0.001 per cent; this final con- 
centration would be larger if an excess of 
the deoxidizer were present, but smaller if 
the quantity of deoxidizer were insufficient 
for complete deoxidation. 


Deoxidizing Power of Some Other 
Elements 


By combining the data for the oxidation 
of liquid aluminum® with the data for the 
solution of liquid aluminum in iron,® and 
with that for the solution of oxygen in iron 
(given above), we obtain the following 
relation between the residual oxygen and 
aluminum contents of iron that at i6oo®C- 
is in equilibrium with a pure AlxOi slag: 


%0- 


3.56 X 10“^® 

(% Al)?« 


The same sources yield the following 
corresponding expressions at i6oo®C. for 
titanium and vanadium, the oxides being 
pure TiO» and pure VjOs, respectively. 


% 0 « 

%0- 


2.67 X 10"® 
(%Ti)H 
2.52 X io“* 
(% V)9< 


The data for calculating the deoxidizing 
power of zirconium are incomplete; as with 
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boron, the entropy of fusion and the acti 
vity coefficient in iron are not available 
The calculation was made from data on the 
oxidation of zirconium® in the same manner 
as that for boron, using 5.0 as the entropy 
change during fusion of zirconium and 
o.i as the activity coefficient of zirconium 
in solution in iron, taking liquid zirconium 
as the standard state. The result, given 
below, expressing residual zirconium and 
oxygen contents in iron in contact with 
ZrOa, is very insensitive to the value chosen 
for the entropy change of fusion, since the 
melting point of zirconium, i7oo®C., is dose 
to the temperature, i6oo®C., taken for the 
calculation. 


%0 = 


1.62 X io~® 

(% Zr)« 


K 5 rber and Odsen* give the following 
relation between the oxygen and silicon 
contents of iron in equilibrium with pure 
SiOa at i6oo®C.: 


%0 = 


0.0060 
(% Si)H 


By means of these relations the concen- 
tration of oxygen in molten iron at i6oo®C. 
in equilibrium with any low percentage of 
the deoxidizing element, and with a slag 
composed of the pure oxide, can be calcu- 
lated. This has been done for a series of 
concentrations of the deoxidizing element, 
with results, listed in Table i, which indicate 
that the deoxidizing power of boron is 
greater than that of silicon, vanadium, or 
titanium and approaches that of aluminum 
or zirconium. 
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DISCUSSIOTm 
{H. K. Work presiding) 

A L Feild,* Baltimore, Md. — Although 
I have not had an opportunity to give careful 
study to the author’s paper, I am of the opinion 
that some of the values given in Table i for 
the deoxidizing power do not agree with the 
indications of practical experience. I refer 
here particularly to the assigned values for 
the deoxidizing power of vanadium and 
titanium as related to that of silicon on the one 
hand and zirconium on the other. As a result 
of numerous observations on the relative 
recoveries of these elements when added in the 
form of ferroalloys, as well as on the relative 
rate of oxidation of these elements from a melt 
by means of an oxidizing slag, I have concluded 
that vanadium is a relatively weak deoxidizing 
element far removed from silicon; and, further- 
more, that titanium does not exceed silicon 
in deoxidizing power as much as was indicated 
in the tabulation. 

Another matter that causes me to question 
the practical utility of the calculated data 
contained in Table i is the failure of the author 
to take adequatdy into account the identity 
of the oxide formed in equilibrium with molten 
iron as a result of the deoxidizing process. 
Experiments which I made a number of years 
ago indicated that the oxide of vanadium 
in equilibrium with dissolved vanadium in 
sted was of the suboxide type containing a 
much smaller percentage of oxygen than is 
represented by the compound VsOs- In addi- 
tion, there are strong indications that the 
oxide in equilibrium with dissolved titanium 
in molten iron is certainly not Ti02, but is a 
lower oxide. 

J. C, SoiTEHARDjt Niagara Falls, N. Y. — 
This paper shows convincingly that boron 
should be readily oxidized out of the open- 
hearth bath, and that its addition to sted 
should be preceded by thorough deoxidation. 
However, the remarks concerning the relative 
deoxidizing power of boron, aluminum, ti- 
tanium and zirconium may be questioned. 

There are at least two ways in which equi- 
librium concentrations of oxygen and de- 

* Technical Director, Rustless Iron and Steel 
Corporation, 

t Titanium Alloy Manufacturing Company. 
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oxidizing elements can be determined. One is 
from the free energy of the supposed deoxidiz- 
ing reaction as calculated from various ther mal 
data; the other is by direct analysis of the steel 
in which the equilibrium has been “frozen” by 
sudden cooling of the melt. No general state- 
ment can be made as to which method is better. 

The direct determination of equilibrium con- 
centrations is sometimes very difficult, while 
errors in free energy values are magnified 
greatly by the logarithmic relation between the 
free energy and the equilibrium constant. Mr. 
Gurry appears to have used the direct experi- 
mental determinations of KOrber and Oelsen 
for silicon while for the other deoxidizing ele- 
ments he has chosen to use indirect thermal 
data, in spite of the existence of directly deter- 
mined oxygen values for aluminum and ti- 
tanium. The author is probably justified in this 
choice and we should very much appreciate his 
reasons for doing so. 

In applying thermodynamic data, it is 
necessary first to postulate the correct reaction. 
The correct reaction can be selected by thermo- 
djmamic calculation when data are available. 
The elements aluminum, boron, and zirconium 
probably form only one oxide under steel- 
making conditions and there can be little 
question that correct reactions have been 
postulated. Titanium and vanadium, however, 
are known to form several oxides. Ti208, for 
example, has been well established as an inter- 
mediate in the reduction of TiO*. The ex- 
perimental data of Nasu^ on the hydrogen 
reduction of Ti02, combined with the data of 
Chipman (and others) on oxygen in liquid iron, 
indicates that TiaO® should be the principal 
oxide formed at the low oxygen concentrations 
encountered in killed steel. A comparison of the 
free energy of formation at i 6 oo®C. will show 
that there is little difference between TiaO*, 
BaOi and ZrOa, the values being approximately 
—83,600, —83,000 and —83,900 cal., respec- 
tivdy, on the basis of one gram-atom of 
oxygen. The free energy of AlaOa on the same 
basis is only slightly higher, being —86,600 cal., 
while that of VaOs is much lower. These free 
energy values apply to reactions between pure 
substances, each existing in a separate phase 
at one atmosphere pressure. Actual ox3rgen 


^ Nasu; Set. Repts., Toholcu Imp. TJnxv. 
(1936) 25, 510. 
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concentrations in liquid iron can be computed 
from these values only when the activity of the 
various substances is known. 

The activity of oxygen in liquid iron has 
been established, of course, by the work of 
Chipman, Vacher and others, but the activity 
of most of the deoxidizing elements has not 
been determined. Mr. Gurry has recognized 
this in regard to boron by giving two estirnates 
of the activity coefficient. The activity coeffi- 
cient selected for silicon gives good agreement 
between the direct measurements of K 6 rber 
and Oelsen and the indirect thermal data. 

The activity coefficient used for aluminum 
may be questioned. It was calculated from the 
distribution of aluminum between iron and 
silver, assuming that aluminum and silver form 
a perfect solution. Kelley* was unable to calcu- 
late a reasonable heat of fusion for either 
aluminum or silver from the silver-aluminum 
diagram without assuming the existence of a 
silver-aluminum compound in the liquid phase. 
This indicates that the solution is far from 
perfect. 

The activity coefficients for titanium, zir- 
conium and vanadium are pure assumptions. 
Activity coefficients of titanium and aluminum 
could have been calculated from the existing 
thermal data and the directly determined 
values for residual oxygen of Wentrup and 
Hieber.® However, their data indicate activity 
coefficients of the order of 0.001 . This seems 
unreasonably low and should not be accepted 
unless confirmed by an independent method 

The values for residual oxygen given in 
Table i must therefore be considered as rough 
estimates, because of this high degree of un- 
certainty in activity coefficients. It should be 
emphasized that as far as existing thermo- 
dynamic data can say, boron, titanium and 
zirconium on an atomic basis are almost equally 
effective as deoxidizers. 

N. F. Tisdale,* Kttsburgh, Pa. — This paper 
corroborates work on the use of boron per- 
formed by our company nearly eight years ago 
We have developed a spectrographic method to 
determine small quantities of boron; also, there 
have been several chemical methods in use 

» Kelley: XT. S. Bur. Mines Bvll, 393; * 
7, too. 

• Wentrup and Hieber: Tech. Mitt. Krupp 
No. 5, 47; No. to, 115. 
olybdenum Corporation of America. 
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long enough so that their accuracy is no longer 
questioned, and they too provide satisfactory 
analyses of small amounts of boron. By check- 
ing the residual boron as a carry-over from the 
open hearth, we have been unable to detect 
any boron in the steel, particularly when the 
carbon content of the heat was under 0.70 per 
cent. We have no data on heats over 0.70 carbon. 

We also checked the fact that boron is car- 
ried over on remelt of cast iron containing boron 
and, while there is a slight loss in the remelting 
operation, there is a definite carry-over in cast- 
iron remelting. 

We concur very heartily in having the steel 
thoroughly deoxidized before the addition of 
boron, otherwise there would be an excessive 
loss of boron due to oxidation. Factual evi- 
dence has been submitted elsewhere that boron 
can be uniformly distributed throughout heats 
of steel up to 250-ton quantities, provided that 
the precautions outlined by the author — 
namely, preceded by proper deoxidation — ^have 
been carried out. 

I am sure that a number of steel men will be 
grateful to Mr, Gurry for his explanation of 
how borax, Rasorite or boric add, essentially 
an oxide, perform deoxidation functions. It is 
certainly something to think about before 
rushing into a use of such reactions on a wide 
variety of steel. 

C. A. Zapffe,* Baltimore, Md. — This paper 
is an interesting contribution, but it may suffer 
from certain incorrect inferences. For example, 
should BaOs be selected as the agent, and the 
only one, active at i6oo°C. in contact with 
liquid iron? The oxide of iron is not regarded 
as FeaOs under these conditions, although that, 
too, is the common form at ordinary tempera- 
tures. True, the sesquioxide of boron may 
well be the stable form of boron oxide, even in 
contact with liquid Fe, in contrast to the more 
easily dissociated oxides of iron; but the 
monoxide of boron has not only been definitely 
shown to exist at the temperatures in ques- 
tion, 1° but has been experimented with 
abroad.^^ 

* Assistant Technical Director, Rustless 
Iron and Steel Corporation. 

R. S. MuUiken: The Isotope Effect in 
Band Spectra, l.Phys, Rev. (1925) 25, 119-138; 
II — The Spectrum of Boron Monoxide. Ibid., 

"STKm , E. MorawietZp and E. Gastinger: 
Boron Monoxide. Ztsch. anorg, allg. Chem. 
(1940) 245, 8-1 1. 


Consequently, the complete picture of the 
Fe-O-B equilibrium may require modification 
simila r to that which we found necessary for 
the Fe-O-Si system in which SiO apparently 
figures as well as Si 02 .^®'^* In that case, a given 
boron content may result in an oxygen pres- 
sure, or activity, which differs considerably 
from that calculated on the basis of BaOa. 
Part of the dissolved B will be associated with 
dissolved 0 , expressible as dissolved BO The 
total boron content will then include both the 
free and the associated forms of B and will 
not be properly accounted for by Gurry’s 
activity coefl&cients. Similar error would result 
from calculations based on Fe208, or Mn02, and 
is unwarranted until the species operative in 
that range of temperature and oxygen pressure 
is identified. The following reaction may then 
belong in the picture also, even if only until 
it is proved to be unimportant: 

B2O8 + B ^ 

especially since the monoxide of boron is a 
gaseous form and the recovery of B is known 
to be difficult. 

For liquid steel, of course, the foregoing 
equation can be modified to express the reduc- 
tion of BiOs by any of several constituents 
in the steel, iududing iron itself: 

B2OJ -f- Fe = FeO -f* 2BO 

If one assumes, with Gurry, that a slag of 
B2OS is pure B203 and may be expressed as 
having an activity of unity, then it must 
follow that: 

K - [FeO][BO]* 

whereupon the quantity of dissolved BO must 
increase as the FeO content of the metal 
decreases. This is analogous to the conclusion 
we found necessary to draw for SiO in the 
Fe-O-Si system. 

Assummg the slag to be pure B^Oj, of course, 
introduces a definite error because it is not 
pure B 208 - In calculations such as these 
it has been the custom to make that assumption 

C. A. Zapffe and C. E. Sims: Silicon-oxygen 
Equilibria in Liquid Iron. Trans. A.I.M.E. 
154. 192. 

. A.' Zapffe and C. E. Sims: Silicon 
Monoxide. Iron Age (1942) I49» 29-31. 34-39- 
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because contamination with the oxides of other 
metals is known to be slight; but the possibility 
of the slag being contaminated with other 
oxides of its own, such as the monoxide, has 
received scant consideration except in the case 
of iron oxide. Another fallibility lies in for- 
getting that a change in the activity of an 
equilibrium constituent from 0.001 to 0.002 
per cent can be as significant as a change from 
10 to 20 per cent, as far as the effect upon 
another constituent is concerned. 

In regard to Gurry’s remarks on the reduc- 
tion of B from borates by residual Al, attention 
might be called to the interesting experiment 
of Zintl and his colleagues,^^ which showed 
that B attacks AI2O8 to form gaseous monoxide 
forms of both elements: 

AI2O* -f- B « 2AIO + BO 

When ZrOa is used instead of Al 20 a, only BO 
sublimes, leaving a residue of ZrO, which 
apparently has a low vapor pressure even at 
high temperatiu:es. 

Because of the low atomic weight of boron 
(10.82), the latter figures in Table i scarcely 
concern mdts having a ... low percentage 
of the deoxidizing element . . . which 
Gurry in his closing paragraph rightly mentions 
as a restriction in making these calculations. 
A I per cent addition of B is actually a 5 per 
cent (atomic per cent) addition. In the Fe-O-Si 
system, the discrepancy between measured and 
calculated values becomes significant at Si 
contents considerably bdow 5 atomic per cent. 
In the Fe-O-C system, the measurable solu- 
bility of CO for comparable solutions has been 
established using vacuum-fusion analysis,^^ 
which has a questionable efficacy with such 
alloys, and in any event certainly provides a 
minimum value. 

Along the same line, Gurry’s opening para- 
graph states that the “oxygen content” of 
cast iron is much lower than that of steel. We 
will agree that the oxygen pressure, or activity, 
is much lower in iron so diluted with roughly 
20 atomic per cent of elements having a strong 
affinity for oxygen, but the matter of oxygen 
contend should be left open. Because of thdr 
high afiSnity for oxygen, and for other reasons 

S. Marshall and J. Chipman: The Carbon- 
Oxygen Equilibrium in Liquid Iron. Trans, 
Amer. Soc. for' Metals (r94a) 30, 695-741; 
discussion 74r“746. 


which will not be discussed here, many of these 
alloying elements may increase the capacity 
of the bath for oxygen beyond a certain mini- 
mum that they first produce during deoxida- 
tion, when the bath does not as yet contain 
enough of their own species to make their 
dissolved oxide stable. 

Such matters, of course, carry Gurry’s 
article be3^nd its intended purpose. The 
principal point to be made is that the whole 
present understanding of residual oxygen, and 
the details of the deoxidation process itself, 
seem to require some revision now that we 
are applying physical chemistry to solutions 
that are not only no longer dilute but which 
contain residual elements that are highly 
associative with ox3rgen. Until at least the 
active species have been identified, and the 
laws of association in liquid steel understood, 
such calculations are exceedingly precarious. 
The argument is not against their being 
approximations, but against their being mis- 
leading through improper depiction of the 
deoxidation reaction. 

R. W. GtmxY (author’s reply). — ^The fore- 
going comments, taken as a whole, seem to 
indicate that there should be some discussion 
of the mechanism of deoxidation and of the 
application of thermodynamics to deoxidation 
in order to clarify our concepts and bring us 
in a position properly to evaluate the indica- 
tions of calculations such as those in the paper. 

Let us consider, for example, the slow addi- 
tion to a steel bath of an element that can 
form two oxides in that particular bath. Under 
equHibrium conditions at first only the higher 
oxide would form; then, when the activity of 
oxygen in the metal was reduced to the 
appropriate value the lower oxide would appear 
in turn. Under operating conditions, however, 
equilibrium does not prevail and both oxides 
are probably produced in the bath at the same 
time. If t^ is so, an adjustment toward 
equilibrium takes place immediately, either 
the higher or the lower oxide tending to 
disappear with the formation of the other, 
depending upon the amount of deoxidizing 
element originally added. The extent of this 
adjustment is controlled by flotation of the 
oxides but, at any rate, the metal finally must 
come essentially to equilibrium with one oxide 
phase of the deoxidizing element, neglecting 
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for the moment the existence of a slag. When 
this situation is reached, the residual con< 
centrations of the deoxidizing element and of 
oxygen in the metal are determinate, and if 
certain information is available the relation- 
ship between them can be computed. 

As has been amply pointed out in the pre- 
ceding comments, in order to calculate this 
relationship between residual concentrations 
of oxygen and deoxidizing element, it is neces- 
sary to know the composition of the final 
oxide phase that is in equilibrium with the 
metal. If this is a pure oxide of the deoxidizing 
element, we must know which one; if a solution 
of two or more oxides, we must know its com- 
position and must have additional thermal 
information about the solution. 

There seems to be little doubt that the oxide 
of titanium in equilibrium with steel up to 
saturation with oxygen at i6oo®C. is Ti208 and 
not TiOs, as was inferred in the paper. The use 
of the lower oxide improves the calculated 
deoxidizing power of titanium and would give 
it a position in the vicinity of that shown in 
the paper by E. C. Wright (this volume, 
p. 107). If a lower oxide of boron than BsOa 
is formed under the conditions considered, 
boron would be an even better deoxidizer 
than as shown in Table i. However, this seems 
unlikely for two reasons: relatively little boron 
is lost in remelting cast iron as is pointed out 
by Mr. Tisdale; also if a lower oxide than BjOs 
were stable, at least at any oxygen pressure 
corresponding to saturation of the steel with 
oxygen, BaO* would react to completion with 
iron producing iron oxide and the lower boron 
oxide, a reaction whidi, as far as I know, has 
not been observed. 

When two or more deoxidizing elements are 
added simultaneously to a steel bath, they 
compete for the oxygen, of course, the amount 
reacting with each depending upon the relative 
deoxidizing power of the elements, the concen- 
tration of each, the inherent rates of the several 
reactions, and the relative ability of the oxides 
to float out of the metal. When to these factors 
is added the additional uncertainty as to what 
combinations or solutions take place among 


the oxides formed, it can be very difficult to 
gauge the true relative deoxidizing power of 
one element when several are present. 

If we are satisfied that we know what oxide 
of the deoxidizing element is formed and are 
willing to restrict ourselves to consider the slag 
as being that pure oxide, an exact expression 
relating the final activity of the element and of 
oxygen in the metal can be derived from the 
appropriate data. All that is needed to convert 
this expression to an exact one in terms of 
percentages is a knowledge of the two activity 
coefficients as a function of concentration. 

Thermodynamically, all questions regarding 
species in solution and laws of association in 
liquid steel are answered by a determination of 
the activity coefficient. In the paper the ac- 
tivity coefficients were taken to be those in 
pure iron and it was assumed that they re- 
mained constant; that is, that Henry’s law was 
obeyed, over the concentration range covered 
To do this seems reasonable when we consider 
that in the case of boron the composition of the 
metal solvent is altered by only about s atomic 
per cent in the worst case whereas the possible 
error in the estimated activity coefficient is 
admittedly at least a factor of five Even foi 
elements whose activity coefficients (in pure 
iron) are better known, the assumption that 
these coefficients remain constant is probably 
justified because of the very short range of 
concentration normally considered in the 
deoxidation of steel. 

From a practical standpoint, it is doubtful 
whether a very precisely known activity coeffi- 
cient would be advantageous when we consider 
the following difficulties, which are inherent in 
appl3dng the calculated deoxidizing power of 
an element to actual deoxidation: the uncer- 
tainty of solution or combination of the oxide 
formed with other oxides, the influence of the 
slag present before the addition, and, where 
two or more elements are added simultane- 
ously, the additional factors mentioned in a 
previous paragraph. The deoxidizing ability as 
calculated can serve as a guide, and a valuable 
one, to the operator, but in using it he should 
not forget its limitations. 
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The bessemer process is nearly one 
hundred years old. William Kelly, the 
American inventor, was able to demon- 
strate that he had accomplished the pneu- 
matic purification of molten pig iron as 
early as 1847; Henry Bessemer’s English 
patent was granted in 1855. The applica- 
tion of this steelmaking process since then 
and the present position of bessemer steel 
are concisely discussed on pages 355 and 
356 of the fifth edition of ‘‘The Making, 
Shaping and Treating of Steel.” 

The great expansion of the automotive, 
machine-tool, chemical and oil industries 
after 1910 opened up a large market for 
special steels, whereas the output of steel 
before that time was mainly for structural 
purposes. The need for building more blast- 
furnace capacity complementary to bes- 
semer operations, combined with the 
availability of the necessary amounts of 
steel scrap, both contributed to the exten- 
sion of open-hearth plants at the expense 
of bessemer capacity. The ability of the 
open-hearth furnaces to consume virtually 
all t3rpes of raw materials as far as phos- 
phorus content is concerned, and the need 
for selecting low-phosphorus ores of rapidly 
decreasing sources for the bessemer, also 
played a part in the reduction of bessemer 
steelmaking operations and the increase in 
basic open-hearth plants. As a consequence, 
the proportion of bessemer steel made in 
this country decreased from 65.7 per cent 

Manuscript received at the ofi&ce of the 
Institute Nov. 15, 1943. Issued as T.P. 1692 in 
Metals Technology, June 1944. 

* Assistant to President, National Tube Co., 
Pittsburffh, Pennsylvania. 


of the total in 1900 to 37.1 per cent in 1910, 
and only 6.8 per cent of the total in 1937. 

The metallurgical concepts existent be- 
tween 1910 and 1920 caused the writing of 
many specifications of very low phosphorus 
and sulphur content, which definitely 
barred bessemer steel from many com- 
modities. Now sulphur is being added to 
many open-hearth and bessemer steels in 
amounts far exceeding the maximum sul- 
phur content of good bessemer steel. Re- 
phosphorizing is also widely practiced for 
several specific applications. Even today, 
the chemical-analysis limits of many impor- 
tant steel specifications have an arbitrary 
and archaic tinge. The old standard “0.30 
to 0.60 per cent manganese” might be 
mentioned in this connection as similar to 
the rigid requirements for maximum sul- 
phur and phosphorus that were established 
at least 25 years ago. 

The literature is full of vague and com- 
plex discussions of the effects of nitrogen 
and oxygen where these elements existed 
in steel in amounts less than 0.02 per cent. 
Many failures have been attributed to 
these elements without reasonable proof 
on which to base the conclusion. Methods 
of determining oxygen in steel require such 
complicated equipment that only a few 
research laboratories have the required 
apparatus. Even so, the accuracy of oxygen 
determinations in steel has been only re- 
cently reproducible. Up to the present time, 
no one has succeeded in obtaining a sample 
of molten steel that accurately indicates 
the full oxygen content of the metal in the 
furnace or ladle because the molten sample 
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takes up oxygen from the air in pouring. 
Past discussions of the oxygen content of 
steel have little quantitative foundation. 

In the case of nitrogen it has lately been 
learned that many high-grade electric- 
furnace steels have considerable amounts 
of this element although generally lower 
than the 0.015 per cent nitrogen that is 
normal for bessemer steel. It has also 
lately become the vogue to add nitrogen to 
some open-hearth heats (up to 0.02 per 
cent), as these additions have been useful 
in regulating heat-treatment and grain-size 
control. Bessemer steel has been condemned 
frequently, and one may say erroneously, 
because of its higher nitrogen and phos- 
phorus content. 

In this present emergency, the time has 
arrived for a thorough survey of the char- 
acteristics of bessemer steel, especially in 
view of the shortage of high-grade scrap 
and the enormous demand for all kinds of 
steel. The gradual decrease in the manu- 
facture of bessemer steel over the years 
can be traced to economic and technical 
factors. Neglecting the economic phases, 
which vary widely throughout the years, 
it is beheved that the properties of the 
bessemer steel made in the United States 
have changed very little during the past 
40 years. There have been no new installa- 
tions of bessemer-steel plants since the 
last war except where bessemer equipment 
was installed in conjunction with duplex 
open-hearth melting. As a consequence, 
most of the bessemer-steel plants in the 
United States are obsolete, with small 
converting vessels and antiquated handling, 
mixing and teeming equipment. The funda- 
mental methods of making bessemer steel 
have changed little, in spite of the great 
amount of work that has been done to 
develop instruments to control the blow- 
ing of the molten iron. During the same 
period very important improvements have 
been made in the construction and in 
operating practices on both basic open- 
hearth and electric melting furnaces. 


Steelmaking 

After the first World War, the greatly 
increased demand for special steels — ^for 
gears, bearings, and other important 
automotive parts, for instance — caused a 
rapid expansion in the use of special alloy 
steels and a considerable increase in the 
amount of electric-furnace melting capac- 
ity, since it was found that open-hearth 
furnaces were not generally suited for the 
consistent manufacture of certain high- 
quality specialties. A trend to replace 
open-hearth steel with electric-furnace steel 
set in, as previously open-hearth steel dis- 
placed bessemer steel. This trend con- 
tinues, as indicated by the enormous 
expansion in electric-furnace capacity 
during the present emergency. 

About 1925 this situation led to a serious 
consideration of the fundamental physical 
chemical principles involved in the making 
of steel, particularly as related to basic 
open-hearth melting practice. During the 
past 20 years much valuable work has been 
done on such important features as slag 
control, oxidation of the open-hearth bath, 
and particularly the deoxidation of the 
open-hearth steel both in the furnace and 
in the ladle. Very illuminating information 
as to the effect of deoxidizing agents upon 
such vital properties of the steel as the 
hardenability, carburizing characteristics, 
properties at low temperatures, welding 
properties, grain size, was obtained in these 
investigations. 

The most important principle encoun- 
tered in these studies was that a control of 
the oxygen in the steel-melting bath and in 
the finished steel had a profound influence 
upon most of the important properties 
of the finished heat. This work enabled the 
production in basic open-hearth furnaces 
of an increased volume of high-grade 
carbon steels, and also alloy steels that 
could be consistently produced with 
definite grain-size control, hardenability, 
and so forth. Coincident with this im- 
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provement, the steels also exhibited more 
uniform forging characteristics, better 
yield and improved surface. It is the 
writer’s opinion that much of the open- 
hearth steel made before 1920 was in 
many respects as lacking in uniformity as 
the bessemer steel produced before that 
date. In the National Tube Co. the im- 
provement in quality of the open-hearth 
steel has caused an increased yield of 
product of at least 20 per cent in the past 
15 years. The majority of the high-quality 
steels now made in the open hearth are fully 
killed steels treated with definite amounts 
of the proper deoxidizing agents such as 
silicon, aluminum, titanium and vanadium. 

Most of the bessemer steel made in the 
United States has been of the undeoxidized 
or “open” type. These steels are usually 
termed rimmed, capped or semikilled. Th^ 
are high in oxygen, freeze in the ingot mold 
with highly segregated center sections, have 
surface blowholes, and are extremely 
erratic in hardenability, grain size and sus- 
ceptibility to strain-aging and low-tem- 
perature brittleness. Such steels generally 
are not suitable for forging, cold-forming 
or heat-treating operations. 

The improvements in open-hearth fur- 
nace melting and control discussed above 
were a vital feature in the improvement of 
maMng seamless tubes. This difficult 
forging operation requires a billet of uni- 
form density and forging characteristics. 
Satisfactory seamless tubes have never 
been produced with uniform practice from 
open-hearth steels of the rimmed or capped 
ingot t3?pe in the National Tube Co. 

The physical chemical principles inves- 
tigated in connection with open-hearth 
sted melting apply equally wdl to the 
processes involved in making bessemer 
sted. The only difference between the two 
methods i^ the rate at which the reactions 
occur. In the bessemer process the hot 
metal is oxidized by the air blown through 
the bath, and thereby removing practically 
all the silicon and manganese, and at the 


time of the drop of the carbon flame above 
the converter, the carbon has reached the 
level of about 0.04 per cent. In the open- 
hearth furnace the oxidation of the carbon, 
silicon and manganese of the bath is accom- 
plished slowly by means of the oxygen 
from scale on the melting scrap, the oxygen 
in the slag, and the iron ore added as 
charge ore or feed ore to the bath. The 
elimination of the silicon, manganese and 
carbon proceeds in a way similar to 
the reaction in the bessemer but at a 
much slower rate. This enables the melter 
to control the rate of elimination of carbon 
and to arrest the carbon drop at any 
desired level. However, in making a heat of 
low-carbon steel in the open-hearth fur- 
nace, where a tap carbon of o.io per cent 
may be the aim, the characteristics of 
such a bath with respect to the silicon, 
manganese and oxygen approach a point 
of chemical equilibrium similar to that 
existing in the blown metal at the end of the 
blow in the bessemer converter. The very 
low-carbon open-hearth bath may be 
treated with additions of ferrosilicon or 
Spiegel in the furnace to partially deoxidize 
the FeO, and the molten metal may then 
be given further additions of silicon and 
aluminum in the ladle to thoroughly kill 
the heat. The manufacture of a forging- 
grade heat of low-carbon open-hearth 
steel generally follows this procedure. 

Realizing that the physical chemical 
principles underlying' the bessemer and 
open-hearth processes must be the same, 
the metallurgist naturally asked why 
bessemer steel could not be thoroughly 
deoxidized and finished in the same way as 
open-hearth steel. Following this line of 
reasoning, heats of blown bessemer metal 
were tapped into teeming ladles and treated 
with ferromanganese, ferrosilicon, alumi- 
num and other deoxidizers much as open- 
hearth heats are treated. The results of 
such practice were in many ways incon- 
sistent and a thoroughly killed steel of 
uxuform characteristics was not produced 
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successfully in this manner. This was 
believed to be because either the blown 
bessemer-converter metal was overoxidized 
or the mixing of the deoxidizing reagents 


silicon, carbon and manganese as repre- 
senting the general agreement on these 
values at the present time. The curves are 
based on calculations from Chipman*s data. 



Fig. I. — ^Equhibkidm between oxygen and other elements in liquid steel at i6oo®C. 

[FeO] = 4.49 [ 0 ] 


in the teeming ladle was not sufficiently 
uniform to develop a thorough deoxida- 
tion of the metal. Although theoretically 
2 lb. of aluminum per ton should thor- 
oughly deoxidize blown metal with 0.03 
per cent carbon, additions of as much as 
6 lb. of aluminum per ton would not effec- 
tively kill the heats in the ladle. 

The splendid paper by John Chipman^ 
on the physical chemistry of steel at 
i6oo°C. (29 Io°F.) has done much to 
darify this subject. The work of Larsen, 
Herty and others also has contributed 
greatly to an understanding of the equilib- 
rium between oxygen in molten steel and 
such deoxidizing agents as carbon, man- 
ganese, silicon, aluminum, vanadium. Figs. 
I and 2 show the equilibrium proportions of 
oxygen in molten steel at i6oo®C. (29io®F.) 
and i7oo°C. (3o6o®F.) with aluminum, 


The influence of temperature on these 
equilibria is extremely important. For 
example, carbon is a much more powerful 
deoxidizer than silicon or manganese at 
temperatures above i6oo®C. (zpio^F.) 
when the carbon content of the bath ex- 
ceeds 0,10 per cent. The temperature of 
bessemer steel in the vessel generally ex- 
ceeds i6oo®C. (29 io®F.). Recognizing this 
prindple, attempts were made to deoxidize 
blown bessemer metal with additions of 
carbon and eliminate the oxygen in the 
bath as carbon gases instead of produdng 
solid predpitated oxides such as SiO* and 
AlsOs, which remain to a considerable 
extent as indusions in the steel bath. 

The simplest and most thorough method 
of treating a blown converter bath with 
carbon is to add hot metal, which contains 
approximatdy 4 per cent carbon, as wdl 
as some manganese and silicon. The action 


^ References are at the end of the paper. 
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of such additions to fully blown bessemer metal blown to 0.04 per cent carbon are 

heats gave a very thorough preliminary treated with 1400 lb. of hot metal, added 

deoxidation, much like the ‘‘blocking’' of in each vessel after blowing, and then 

an open-hearth bath by addition of are poured into a so-ton ladle. If no reac- 



Fig 2. — ^Equilebrium between oxygen and other elements in zjquid steel at lyoo ^ C . 

[FeO] = 4.49 [O] 


ferrosilicon or spiegel. To bessemer blows 
were added the proper amounts of hot 
metal as converter additions. The steel 
was then poured into a teeming ladle and 
treated with the required amounts of 
ferromanganese, ferrosilicon and aluminum 
to deoxidize the blocked heat, as in open- 
hearth practice. The bessemer heats so 
treated were found to be thoroughly killed 
and of good forging quality. They could 
be teemed into regular hot-top ingot molds, 
rolled into tube rounds and satisfactory 
seamless tubes with practices equaling 
results obtained on open-hearth steels. 

A specific example of the methods* of 
“killing" or thoroughly deoxidizing a 
bessemer heat is offered by way of illus- 
tration. Two 25-ton blows of bessemer 

* The manufacture and application of the 
bessemer steds described are covered by 
United States Patent 2218458 and pending 
applications. 


tion occurred, the carbon content of this 
mixture would approximate 0.16 per cent. 
The mixing of the blown metal and hot 
metal in the vessel is almost instantaneous 
and the elimination from, the metal of 
carbon and oxygen in the form of CO gas 
is extremely rapid. In fact, a large puff of 
flame over the mouth of the converter 
appears just after addition of the molten 
iron. In 100,000 lb. of blown metal con- 
taining 0.08 per cent oxygen, the amount of 
oxygen is approximately 80 lb.; 2800 lb. of 
hot metal with 4.25 per cent carbon and 
1.5 per cent silicon contains 119 lb. of 
carbon and 42 lb. of silicon. The 80 lb. of 
oxygen should require 60 lb. of carbon for 
deoxidation. It is assumed that the finished 
steel contains 0.015 per cent oxygen, as 
thoroughly killed heats show this amount in 
several analyses. The oxygen removed is 
thus 65 lb., requiring 48 lb. of carbon. The 
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Table i. — Chemical Balance in a Killed Bessemer Heat 


Constituent 

Blown Metal. 
100,000 Lb. 

Molten Pig. 
2800 Lb. 

Ferromanga- 
nese. 600 Lb. 

Ferrosilicon. 
500 Lb. 

Final Heat, 
103,900 Lb. 

1 

Per 

Cent 

Wt. 

Per 

Cent 

Wt. 

Per 

Cent 

Wt. 

Per 

Cent 

Wt. 

Per 

Cent 

Wt. 

Carbon 

Silicon 

Manganese 

Oxygen 0.36 per cent FeO 

0 04 

0 008 
0 05 
0.08 

^8 

SO 

80 

4.2s 

I SO 

0 60 

119 

43 

17 

7.00 

78.00 

43 

468 

48.00 


o.is 

0.21 

0.436 

0.015 

IS6 

2X8 

4 S 3 

IS 

74.00 
74 SO 
83.30 


1 19 lb. of carbon in the 2800 lb. of hot 
metal is partly eliminated as CO gas and 
the carbon content of the resultant steel 
increased from approximately 0.04 to 0.12 
per cent, indicating a carbon-oxygen 
equilibrium at 0.12 per cent carbon. This 
increase in carbon content of 0.08 per cent 
in 100,000 lb. of blown metal requires 
80 lb. of carbon. Accordingly the 40 lb. of 
carbon has reacted with 53 lb. of oxygen. 
This result demonstrates that most of the 
oxygen in the blown metal is eliminated as 
CO. After this reaction, the steel may be 
treated in the usual manner with the proper 
additions of ferrosilicon, i to 3 lb. of 
aluminum per ton of steel, and sufficient 
ferromanganese for the final manganese 
content desired in the steel. The efficiency 
of the manganese and silicon additions to 
the ladle is as high as in open-hearth heats 
tapped at the 0.12 per cent carbon level. 
Table i shows the chemical balance be- 
tween the additions in the example given. 

A further indication of the effectiveness 
of the carbon deoxidation is found in 
inclusion ratings of thoroughly killed 
bessemer heats. The standard method of 
rating inclusions by means of microscopic 
examination of nine sample cuts taken 
from the top, middle and bottom of the 
first, middle and last ingot of several thor- 
oughly killed bessemer heats reveals a 
cleanliness superior to that of open-hearth 
heats of the same carbon content, treated 
with the same deoxidizing reagents. 

The carbon content of the steel may be 
raised to any level desired by increasing 


the amount of hot metal used; satisfactory 
heats with carbon as high as 0.45 per cent 
and over i per cent manganese have been 
made. The addition of hot metal to open- 
hearth heats, instead of ferrosilicon or 
Spiegel in the furnace, has also been suc- 
cessful. The higher temperature of the 
bessemer steel as compared with the usual 
temperature for open-hearth steel appar- 
ently makes the molten iron more effective 
as a deoxidizer in the bessemer heats. 

Properties 

It was soon found that the thoroughly 
deoxidized bessemer heats melted with 
this practice were fundamentally different 
from undeoxidized bessemer steel. Up to 
the present time over 300,000 tons (between 
6,000 and 10,000 heats) of thoroughly 
deoxidized bessemer steel have been made 
with this procedure and converted into 
almost every size of seamless pipe. During 
the past five years the large tonnage of 
killed bessemer steel so made has been 
investigated to determine its properties 
in comparison with the old standard 
rinuned or capped bessemer steel, as well 
as with killed open-hearth steel. Many data 
concerning most of the important physical 
properties of steel have been obtained. 
The results of these tests are presented in 
order that the reader may compare and 
realize the fundamental difference exhibited 
by the thoroughly deoxidized bessemer 
steel in contrast with the erratic properties 
of bessemer steel formerly produced with- 
out this type of deoxidation. 
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The majority of bessemer steels made The striking features of these tests are 
with this new practice for applications in the high yield strength and tensile strength 
seamless pipe have been produced to for the low carbon content and the high 
analyses aiming at 0.12 to 0.20 per cent ratio of 3deld strength to tensile strength. 



Fig. 3, — ^Resistance to external pressure of pipe for several grades of steel. 


carbon, 0.30 to 0.60 per cent manganese, 
0.07 to o.ii per cent phosphorus, 0.05 per 
cent maximum sulphur, and 0.15 to 0.30 
per cent silicon. Tensile tests have been 
taken on every heat produced to this 
analysis. The average and minimum tensile 
properties for some 1800 tensile tests are 
as follows: 



Aver- 

age 

Mini- 

mum 

Yield strength, o.oi per cent set, 



lb. per sq. in 

53,020 

43^00 

Yield strength, 0.2 per cent set. 



lb. per sq. in 

55,000 

45,000 

Tensile strength, lb. per sq. in. . 

75,000 

66,000 

Elongation in 2 in.,iper cent. . . 

35 

1 

*5 


In addition, determination of elastic 
limit by the plotting of stress-strain dia- 
grams has shown that steel of this com- 
position has a uniformly high elastic limit, 
generally exceeding 95 per cent of the 0.2 
per cent set yield strength. The ratio of the 
3deld strength to the tensile strength has 
consistently been above 70 per cent. These 
two features of high elastic limit and high 
ratio of yield strength to tensile strength 
make these steels distinctly superior to 
open-hearth steel of the same tensile 
strength, as the latter generally exhibits a 
ratio of yield strength to tensile strength 
of about 62 per cent and a ratio of elastic 
limit to 3deld strength that may vary from 
60 to 90 per cent. This is of particular ad- 
vantage in pipe used for structural pur- 
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poses, suck as tubular piling, drive pipe, 
and products subject to high pressures, 
such as line pipe. The greater stiffness re- 
sulting from the higher yield-strength ratio 


siderably superior to the standard open- 
hearth steel casing of 70,000 lb, per sq. in 
tensile strength, known as H-40 grade. 
Fig. 3 shows the collapse resistance of 



has made this type of pipe extremely satis- 
factory for drive pipe, which is pounded 
into the ground much like piling, since it 
exhibits much less crushing and deforma- 
tion in driving the sections, permitting the 
use of harder blows and faster driving. 

Extensive investigations of the collapse 
resistance of pipe indicate clearly that the 
elastic hmit or proportional limit of the 
pipe steel is of prime importance in ob- 
taining higher collapse resistance to exter- 
nal pressure. It is believed that the small 
content of phosphorus in this deoxidized 
bessemer steel is the main factor contribut- 
ing to the high elastic ratios and high 
proportional limits. Collapse tests made on 
many sizes of pipe show that the collapse 
resistance of the low-carbon bessemer-steel 
casing is equivalent to the collapse resist- 
ance of open-hearth alloy-steel casing, 
designated as A.P.I, grade J-55, and con- 


various sizes of casing for the H-40 and 
J-55 A.P.I. open-hearth grades compared 
with that of the killed bessemer-steel 
grade. The A.P.I. J-55 seamless grade is 
made from open-hearth steel with minimum 
yield strength of 55,000 lb. per sq. in. and 
minimum tensile strength of 95,000 lb. per 
sq. in. The ordinary analysis of this open- 
hearth steel for J-55 casing is of the order 
of 0.35 to 0.45 per cent carbon, i.oo to 
1.30 per cent manganese. ' 

The fatigue properties of the killed 
bessemer steel are somewhat unusual in 
that the tests show a high endurance limit 
considerably above 50 per cent of the ten- 
sile strength of the material. Similar 
fatigue tests on open-hearth steels in the 
normalized state usually show 'endurance 
limits rangmg from 45 to 50 per cent of the 
tensile strength. Fig. 4 shows fatigue 
tests on two types of open-hearth steel for 
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comparison with the endurance limit of the 
deoxidized bessemer steel. The superiority 
of the killed bessemer steel in this respect 
is quite evident. 


with a carbon content of 0.12 to 0.40 per 
cent, show that ductility and toughness of 
this material are equal to open-hearth 
steel of similar hardness and tensile 


Killed Bessemer Steel +75® F. 



Killed Bessemer Steel -25® F. 



Fig. 5. — ^Fbequency distsibution op Chappy impact values. 


As stated previously, the bessemer sted 
described contains approximately 0.015 
per cent nitrogen and from 0.06 to o.ii 
per cent phosphorus. The sulphur is 
generally as low as in open-hearth sted, 
ranging from 0.020 to 0,050 per cent. 
Although many statements in the litera- 
ture infer that both phosphorus and 
nitrogen tend to cause brittleness and 
lack of ductility in sted, thousands of tests 
on the thoroughly killed bessemer sted, 


strength in spite of the presence of appre- 
ciable amounts of nitrogen and phosphorus. 

The ductility of the killed bessemer steel 
as measured by percentage of dongation 
and reduction of area in tensile tests is 
normal in every respect. As shown in the 
average physical properties reported, the 
dongation in 2 in. is 35 per cent for an 
average tensile strength of 75,000 lb. per 
sq. in. The dongation on basic open-hearth 
steels of this tensile strength is in no way 
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superior. The reduction of area as deter- 
mined on round tensile tests is well over 
6o per cent for the thoroughly killed acid 
bessemer steel. Ductility determinations 
based on flattening tests on pipe and on 
bending tests also demonstrate that killed 
bessemer steel is in every way equal to 
basic open-hearth steel of the same hard- 
ness. In the early stages of the manufac- 
ture of the bessemer seamless pipe, every 
piece of material was subjected to flatten- 
ing tests, as it was suspected that brittle 
specimens might be encountered. Several 
hundred thousand such flattening tests 
were made without revealing brittle 
failures and, moreover, the pipe made from 
the killed bessemer steel flattened to the 
same degree as open-hearth steel of equiva- 
lent hardness. 

The toughness of the killed bessemer 
steel has been thoroughly explored by im- 
pact tests at both room temperature and 
minus 25®?. on every tenth heat pro- 
duced. Up to the present time more than 
5000 Charpy impact tests have been so 
made. The majority of these tests have 
been cut from pipe sections with a pipe- 
wall thickness less than the o.3g4-in. width 
of the Charpy test piece. In many cases 
so-called half-size or two-thirds size Charpy 
impact tests have been necessary. The 
depth through the notch of the impact test 
was the same as that for the standard 
Charpy impact specimen. Fig. 5.4 shows 
the results of Charpy impact tests in 
both the hot-rolled state and normalized 
state of heats tested at 75®F., and Fig. s 5 
shows the results at minus 25®F. Tests at 
32®F. and o®F. fall between the limits 
exhibited by the two temperatures in the 
figures. The results are plotted as fre- 
quency distributions of several thousand 
tests at each temperature. 

It should be emphasized that the ma- 
jority of the Charpy impact tests were 
made on Charpy specimens two thirds 
the ordinary width and the impact value 
would be approximately 30 per cent 


higher if made on full-width Charpy test 
pieces. The frequency distribution is 
similar to results obtained with fine- 
grained open-hearth steels of approxi- 
mately 75,000 lb. per sq. in. tensile strength. 
These results clearly show that the fully 
killed bessemer steel is tough at tempera- 
tures at least as low as minus 25°F. A few 
tests made at minus so®F. have also 
exhibited similar properties. 

The excellent ductility and impact tough- 
ness exhibited by this bessemer steel, with 
carbon content between 0.12 and 0.40 per 
cent, show very definitely that phosphorus 
and nitrogen, even when present in con- 
siderable amounts, do not have a detri- 
mental effect on these properties. It is 
concluded that the form in which the 
oxygen exists in the steel is probably the 
predominating factor in controlling tough- 
ness at subzero temperatures. It is well 
known that open-hearth steels in the semi- 
killed or coarse-grained state show very 
poor impact properties below 32®F, The 
material used at temperatures between 
minus 25® and minus 50®F., whether open- 
hearth or bessemer, must be fine-grained 
material, thoroughly treated with alumi- 
num additions greater than lb. per 
ton of ingots. 

Studies of the welding qualities of steels 
during recent years have emphasized that 
elements that impart high hardenability 
to the steel, such as carbon, manganese, 
chromium, and molybdenum, make weld- 
ing more difficult as the percentage of 
these elements is increased in the steel. 
It has been found that standard harden- 
ability tests similar to the Jominy end- 
quench test form an important index of the 
ease with which steel may be welded and 
also the degree of preheating necessary for 
safe welding procedure. An open-hearth 
steel of 75,000 lb. per sq. in. tensile strength 
must contain at least 0.30 per cent carbon 
and I per cent manganese. At the present 
time this represents about the optimum 
content of these two constituents that 
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may be safely welded without resorting to described herein contains less than 0.25 per 
costly preheating and postheating opera- cent carbon and less than 0.60 per cent 
tions. Even so, the Jominy hardenability manganese. The hardenability of the 
of such an open-hearth steel is fairly high, material adjacent to the weld is con- 
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Fig. 6. — End-quench test. 


as the hardness adjacent to welds in open- 
hearth steel of 75,000 lb. per sq. in. tensile 
strength is apt to approach 45 Rockwell C. 
This may be readily determined by means 
of spot bead tests wherein the steel to be 
welded receives a spot deposit from the 
wdding rod and is then sectioned and 
etched for hardness determinations. Such 
tests made on open-hearth steel of 7 SjOoo 
lb. per sq. in. tensile strength have shown 
Rockwell hardness up to 45 on the C scale, 
whereas similar tests on the bessemer steel 
of 75,000 lb. per sq. in. tensile strength 
sddom develop Rockwell hardness exceed- 
ing 27 on the C scale. The bessemer stedl of 
75,000 lb. per sq. in. tensile strength 


siderably less than with open-hearth steels 
of the same tensile strength. 

This has been further verified through 
standard Jominy end-quench hardenability 
tests, and the comparison between the 
open-hearth and killed bessemer steel is 
shown in Fig. 6, The open-hearth steel 
shown has a lower tensile strength than the 
bessemer steel, and, even though it repre- 
sents fine-grained quality, its hardenability 
is much greater than that of the killed 
bessemer sted. These results lead to the 
conclusion that for high-strength structures 
involving wdding, the killed bessemer steel 
is superior to the grades of open-hearth 
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steels of similar tensile strength that are bessemer grades are strongly susceptible 

now available to the trade. to increased strength and loss of ductility 

The properties of the killed bessemer in the so-called blue-heat range between 

steel at elevated temperatures have been 400® and 6oo®F. In order to determine how 


Tensile Strength And Yield Strength 
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Fig. 7. Comparison op tensile properties at elevated temperature op normalized 

OPEN-HEARTH AND BESSEMER CARBON STEEL (0.17 PER CENT C). 


investigated at the United States Steel 
Corporation Research Laboratory by means 
of short-time tensile tests at elevated tem- 
peratures as well as long-time creep tests 
at 850® and iooo®F. In general, short-time 
high-temperature tests of killed bessemer 
steel and killed open-hearth steel, both in 
the fine-grained state, are similar with 
respect to tensile strength, yield strength, 
elongation, and reduction of area. The re- 
sults of tests made on both t3T[)es of steel 
are shown in Fig. 7. 

It has long been known that unde- 
oxidized steels of both open-hearth and 


the thoroughly killed bessemer steel re- 
acted in this temperature region in com- 
parison with other steels, short-time high- 
temperature tensile tests have been made 
on the following t3rpes of steels: 

Undeozidized capped bessemer steel 
Undeozidized capped open-hearth steel 
Silicon-killed coarse-grained open-hearth steel 
Silicon-alununum-killed fine-grained open- 
hearth steel 

Silicon-almninum-killed fine-grained besse- 
mer steel 

Fig, 8 exhibits the results of these tests 
and shows that aU the undeozidized steds 
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axe very susceptible to blue-heat brittleness of the fine-grained open-hearth steel 
in this temperature range, whereas both approximated 6400 lb, per sq. in. at 85o®F. 
the fine-grained open-hearth and bessemer compared with 10,200 lb. per sq. in. for 
steels are practically free from this char- the killed bessemer steel with correspond- 
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Fig. 8. — ^Tensile strength op steels at blue-heat temperatures. 


acteristic. It is therefore concluded that the 
fine-grained thoroughly killed bessemer 
steel, when made according to the prac- 
tices given, is apt to be less susceptible to 
strain-hardening and effects of blue-heat 
brittleness than many steels used in the 
past. 

Long-time creep tests were conducted at 
850® and iooo®F. on fine-grained open- 
hearth sted and fine-grained silicon- 
aluminum-killed bessemer sted. Results of 
these tests show a definite superiority for 
the bessemer steel (Fig. 9). The creep limit 


ing values at iooo®F. of 1500 lb. per sq. in 
for the fine-grained open-hearth as against 
3300 lb. per sq. in, for the bessemer steel. 

It is bdieved that the superior creep 
resistance of the killed bessemer sted is 
largely due to its phosphorus content, as 
has been noted by numerous previous 
investigators, particularly Gillett,* Cross* 
and their co-workers. It is well known that 
molybdenum increases the creep redstance 
of steds, and in order to determine whether 
phosphorus would supplement the effect of 
molybdenum, cre^ tests were made on 
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steels containing 0.50 per cent molybdenum 
and o.io per cent phosphorus. Here again 
the influence of phosphorus was verified; 
a low-phosphorus steel (0.02 per cent) con- 


It has long been considered that ordinary 
bessemer steels, which in the past have 
been of the undeoxidized t3rpe, are ex- 
tremely susceptible to work-hardening and 



Fig. 9. — Creep strength at 850® to iooo®F. 
I per cent elongation in 10,000 hours. 


taining 0.50 per cent molybdenum exhibits 
a creep limit of 9,000 to 10,000 lb. per 
sq. in. at iooo®F. whereas a steel contain- 
ing 0.10 per cent phosphorus and 0.50 
per cent molybdenum showed a creep limit 
at iooo®F. of 13,000 lb. per sq. in. These 
results should indicate that bessemer steels 
treated with molybdenum would be con- 
siderably superior in high-temperature 
strength to molybdenum-bearing open- 
hearth steels used in the past, or open- 
hearth heats could be rephosphorized to 
level of 0.10 per cent in order to increase the 
high-temperature strength. 


very sensitive to strain-aging. These 
properties can be readily determined by 
means of the strain-sensitivity test devel- 
oped by Work^ of Jones and Laughlin 
Steel Corporation. This test consists in the 
drawing of a bar, previously forged, nor- 
malized, and machined with a tapered 
outside diameter, through a die in order to 
obtain a reduction in area along the bar 
length vajying from o to 10 per cent. The 
bars after cold-drawing are tested in the 
as-strained state, while other bars are 
heated to temperatures in the region of 
400® to S5o®F. in order to develop a 
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strain-aged condition. The characteristics viously. For both the open-hearth and 
of the fine-grained killed bessemer steel bessemer steels, only the fine-grained 
were compared with those of several other fully deoxidized steels are free from strain- 
types of carbon steel by means of this aging and blue-heat brittleness, and tough 


— Strained ^ 

Strained - Aged 550 F , 





Fig. 10. — Strain sensitivity. 


strain-sensitivity' test. The results are 
shown in Fig. lo for six different steels. 
The undeoxidized and partially deoxidized 
coarse-grained steels show a high strain 
sensitivity, while the fine-grained silicon- 
aluminum-killed open-hearth and bessemer 
steels are quite resistant to strain-aging 
effects. 

These results coordinate dosdy 'with 
the high-temperature tensile tests and 
low-temperature impact tests given pre- 


at low temperatures. Obviously the con- 
dition in which the oxygen exists in the 
steel has an important influence on these 
three characteristics. Apparently the alu- 
minum treatment in the ladle precipitates 
or fixes the oxygen and possibly the 
nitrogen in the steel, thereby depressing 
their effect. 

During the past few years T. Swinden® 
and his associates in England, in numerous 
E. papers, have reported data on both coarse- 
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grained (semikilled or rimmed) and fine- the properties reported represent results 


grained (fully killed) bessemer steels, which 
fully corroborate the data presented in this 
paper regarding the freedom of fine-grained, 
fully killed bessemer steel from blue-heat 
brittleness, susceptibility to strain-aging, 
and low impact properties. Swinden^s paper 
also points out the negligible effect of 
nitrogen, when under 0.018 per cent, on 
strain-aging embrittlement when the bes- 
semer steel is in the fine-grained, fully 
deoxidized condition. > 

Previous reference has been made to the 
cleanliness and Jominy hardenability char- 
acteristics of the low-carbon killed bessemer 
steel. A survey of the carburizing properties 
of this material and investigation of speci- 
mens quenched after carburizing indicate 
that it compares very favorably in this 
respect with standard open-hearth car- 
burizing steels of the 1020-X type, which 
normally contains 0.15 to 0.25 per cent 
carbon and 0.70 to i.oo per cent man- 
ganese. McQuaid-Ehn tests on the fine- 
grained open-hearth steel compared with 
killed bessemer steel show that the latter is 
somewhat finer in grain size and possesses 
the same degree of normality as the cor- 
responding open-hearth steel. A survey of 
quenched carburized specimens by Rock- 
well hardness tests and hydrochloric etch 
for detection of soft spots showed that the 
carburized bessemer steel was in general 
less affected by soft spots than the fine- 
grained 1020-X open-hearth steel after 
carburizing. In addition, the core strength 
of the bessemer steel is greater than that of 
the open-hearth sted. It is believed there- 
fore that the low-carbon killed bessemer 
steels, because of their greater cleanliness 
and at least equally desirable carburizing 
characteristics, may have useful applica- 
tions in this field. 

Results of the investigations of the killed 
bessemer steel described are based on at 
least five years of testing on thousands of 
heats of sted. Except for the creep tests and 
the hardenability and carburizing studies, 


on a large number of heats. There can be 
little doubt as to the uniformity of this 
type of bessemer steel compared with 
standard open-hearth grades. 

A summary of the important conclusions 
drawn from the work is given below: 

1. The 3deld strength and fatigue prop- 
erties of killed bessemer steel are superior 
to those of open-hearth steel of the same 
tensile strength. 

2. The ductility and toughness of the 
killed bessemer steel both at room and sub- 
zero temperature are equal to the ductility 
and toughness of open-hearth steel of the 
same tensile strength provided both steels 
are thoroughly killed with the same deoxi- 
dation practice. 

3. The ease of welding and metallurgical 
effects adjacent to welds of the killed 
bessemer steel are better than for open- 
hearth steel of the same tensile strength. 

4. The deanliness and carburizing qual- 
ities of killed bessemer steel are equal to 
those of corresponding open-hearth grades. 

5. The susceptibility to strain or strain- 
aging and the amount of blue-heat brittle- 
ness developed by killed bessemer steel is 
similar and approximately equal to the 
strain-aging or blue-heat brittleness of 
killed open-hearth steel of the same tensile 
strength, finished with the same deoxida- 
tion practice. 

6. The creep strength of the fine-grained 
killed bessemer steel is higher than the 
creep strength of fine-grained open-hearth 
steel finished with the same deoxidation 
practice. 

The development of the killed bessemer 
steel represents intensive work during the 
past five years among most of the metallur- 
gists and steel-plant superintendents of the 
National Tube Co. Mr. P. F. Mumma, 
superintendent of steel plant at McKees- 
port, and Mr. W. B. Kennedy, chief 
metallurgist of the same plant; Messrs. 
J. E. Gould and J. D. Tyson, metallurgists 
at the Lorain plant of the National Tube 



DISCUSSION 


Co., and Mr. H. W. Hudson, assistant 
general superintendent of the National 
Tube Co. plant at EUwood City, have 
all contributed greatly to the study of the 
properties of this t3rpe of steel as it has 
passed through operations under their 
supervision. The help and cooperation of 
these men greatly facilitated this develop- 
ment. 
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DISCUSSION 
(W. 0 . PhUhrooh presiding^ 

C. E. Sims,* Columbus, Ohio. — ^Discussions 
of bessemer steel usually start on the defensive, 
which is an inevitable result of the long-held 
popular conception that it is different in kind 
from steels made by other processes. Because 
it is made by a supposedly crude process, the 
inference is made that bessemer steel is some- 
how inferior. Yet, as the author points out, the 
physical chemical principles by which bessemer 
and open-hearth steels are made are the same. 

It appears that the high light of this excellent 
paper is the evidence that any differences that 
were found in the comparison of bessemer and 
open-hearth steels can be adequately explained 
by known differences in chemical composition, 
notably of phosphorus and nitrogen, Bessemer 
steel has been suspected and accused of being 
inordinately high in oxygen content. In the 
light of our present knowledge of the physical 
chemistry of steelmaking, the deoxidation prac- 
tice used on these steds should leave them with 
ox37gen contents no higher than would be found 
in open-hearth steels of similar composition — 
composition including the deoxidizer. The data 
on inclusion count corroborates this expectation. 

It would be appreciated if Mr. Wright Vould 
extend his discussion to indude any observa- 

* Battelle Memorial Institute. 


tions as to inherent differences in the two 
groups of steels that could not be attributed to 
composition That is the salient question at 
issue. 

R. B. SosMAN,* Kearny, N. J. — Mr. Sims’ 
statement that the properties of a steel may 
be expected to depend only upon its composi- 
tion should not go unchallenged, even though 
we interpret it broadly to mean that two steels 
should be identical in properties if they have 
the same composition and have been subjected 
to the same thermal history since solidification. 
The distribution of the minor constituents, 
especially the portion that is insoluble in the 
liquid metal, is known to infliuence the struc- 
ture and hence the properties. In the bessemer 
vessel, oxygen is entering the metal direct from 
air by way of a very large and rapidly changing 
surface; in the open-hearth furnace oxygen is 
entering the metal from a liquid slag by way of 
a small and ipore stable suiface. In the besse- 
mer, liquid drops are in contact with a sur- 
rounding continuous gas phase; in the open 
hearth, gas bubbles are in contact with a 
surrounding continuous liquid phase. In the 
bessemer, concentrated nitrogen is reacting 
directly with liquid metal; in lie open hearth, 
the metal is shut off from nitrogen except while 
the scrap is melting down, and even then is in 
contact with nitrogen greatly diluted with 
hydrocarbons, CO and CO2. It would be sur- 
prising if the distribution of undissolved oxides 
and nitrides were to be found the same in steel 
made by the two processes, even though the 
percentages happened to be identical. 

E, C, Smith, t Cleveland, Ohio. — ^The com- 
mon oil-country seamless material of England 
and Europe is bessemer sted, such as the Corby 
plant of Stewart and Lloyds makes in basic- 
lined vessels. It would be of interest to know 
what difference, if any, exists in the products 
of Europe and America, inasmuch as both are 
bessemer steels. The European steels are usu- 
ally recarburized with pig iron when higher 
carbon products are involved. 

H. B. EMERiCK,t Pittsburgh, Pa. — ^The 
author and his associates merit high com- 

* Research Laboratory, United States Steel 
Corporation. 

t Chief Metallurgist, Republic Steel 
Corporation. 

J Steel Works Metallurgist, Jones and 
Laughlin Steel Corporation. 
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mendation for the manner in which they have 
adapted liquid-iron recarburization of blown 
metal to the successful production of deoxi- 
dized bessemer steel for seamless piercing oper- 
ations. The limited amount of experimental 
work carried on at Jones and Laughlin’s 
Aliquippa works, using slight modifications of 
the procedure described, has largely confirmed 
the experience of the author with reference 
to the 'workability and physical properties of 
properly made bessemer seamless pipe. 

In discussing the chemical specifications 
evolved for the grade employed in the manu- 
facture of seamless pipe, the author refers to 
a carbon content of 0.12 to 0.20 per cent. No 
statement is made concerning the possibility 
of working to lower carbon limits, so as to 
permit use of the improved deoxidized bessemer 
steel for the more critical lapweld and buttweld 
pipe applications. The last five years have seen 
highly important technological advances in the 
development of instrumental methods for 
controlling the end point and, consequently, 
the degree of oxidation of bessemer blown 
metal. These developments have contributed 
so significantly to improved uniformity of 
blown-metal oxidation that it is now possible 
to achieve a reasonably consistent and uniform 
deoxidation of the metal in the ladle. Many 
thousands of tons of low-carbon hot-topped 
bessemer steel, deoxidized in the ladle with 
aluminum, have been used successfully for a 
wide variety of structural bar, pipe and shape 
applications of a specialized nature. Such a 
steel possesses freedom from laminations, good 
impact resistance at lo'w temperature, and a 
low degree of sensitivity to cold-work. 

Rather extensive investigation into the 
physical properties of aluminum-killed besse- 
mer steels in the lower carbon ranges has led 
us to attach considerable significance to the 
uniformity of inherent austenite grain size. It 
would be of interest to have the author com- 
ment on his experience in this connection. A 
statement of the residual metallic aluminum 
content typical for steel deoxidized in the 
manner described would also be of interest. 

E. C. Wright (author’s reply). — ^The com- 
ments given by Mr. Sims are of interest in -view 
of his previous excdlent work on the charac- 
teristics of bessemer steel castings. 1 would 


like to emphasize that the ph3rsical chemical 
principles by which bessemer and open-hearth 
steels are made are identical, and that the same 
physical chemical results may be obtained 'with 
either process by follo'wing the same procedure. 
The fact that bessemer operation is so much 
more rapid than the open-hearth process does 
not seem to alter the results. We are inclined 
to agree with Mr. Sims’ opinion that the only 
difference between fully deoxidized basic and 
fully deoxidized add bessemer steel is probably 
associated with the higher contents of nitrogen 
and phosphorus, which are not eliminated in 
the add bessemer process. 

Mr. Smith’s co mm ents do not relate exactly 
to the process discussed in this paper. The steel 
made at the Stewart and Lloyds plant is basic 
bessemer steel of rather high sulphur content 
and is not fully deoxidized by the procedures 
discussed. Most of the Corby steel is rimmed 
steel for pipe skelp or semikilled steel for 
extrusion or push-bench seamless-tube manu- 
facture. It is believed that the t3rpe of steel 
made at Corby would not be adaptable to 
rotary piercing operations generally used in 
the United States for rolling seamless tubes. 

Mr. Emerick’s statements corrobora):e some 
of the findings in our work. We have purposely 
avoided making killed bessemer steel with 
carbon content below 0.12 per cent, since the 
carbon deoxidation was found to be so effective 
and the thoroughness of deoxidation with 
heats containing less than 0.12 per cent 'was 
considerably more erratic. It is our opinion 
that a steel bath with a content of 0.12 per cent 
carbon, whether open-hearth or bessemer, is 
fairly well deoxidized by the carbon content at 
that level, and final and complete deoxidation 
'with silicon and aluminum is readily accom- 
plished thereafter. 

However, there is no question that killed 
bessemer-steel heats 'with carbon as low as 
0.06 per cent can be made if sufl&dent amounts 
of silicon and aluminum added in a very 
thorough manner are used in. finishing the heat. 
The inherent austenitic grain size as measured 
by McQuaid-Ehn tests show that all the heats 
are extremely fine grained. The order of the 
grain size is between 7 and 10. The residual 
aluminum content of the killed bessemer 
steel is generally between 0.025 
cent. This variation is dependent upon the 
efficiency of the aluminum addition. 



The Effect of Quenching Temperature on the Results of the 
End-quench Hardenability Test 

By Claiubnce £. Jackson/ Member, and Arthur L. Christenson/ Junior Member A.I.M.E. 

(Chicago Meeting. October 1943) 


In the establishment of the relationship 
between weldability and hardenability, 
two methods have been employed in 
correcting for the grain growth produced 
in the heat-affected zone: first, the harden- 
ability calculated from chemical composi- 
tion^ may be corrected to the grain size 
observed in an actual weld,* or, second, a 
hardenability test may be made on the 
steel quenched from a temperature high 
enough to produce a grain size comparable 
to that found in the heat-affected zone.® 
In order to obtain grain sizes in the end- 
quench hardenability bar comparable to 
those resulting in the base metal from the 
welding cycle, a quenching temperature 
of 2 Ioo**F. has been used. In studies of 
the end-quench hardenability specimen 
quenched from 2ioo®]f. instead of from a 
lower temperature of i7oo°F., it is impor- 
tant to ascertain the relative cooling rates 
for various distances along the bar. It is 
a question as to whether the cooling 
occurs at the same rate or whether there 
is any significant difference from the 
standard cooling-rate curve published by 
Jominy and confirmed by others.^* * This 
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paper reports experimental evidence con- 
cerning the effect of quenching temperature 
on the cooling rates in the end-quench 
hardenability test. 

The effect of quenching temperatures on 
cooling rates has been stffdied by a number 
of investigators.*'^ French has considered 
this effect from both theoretical and 
experimental aspects. In French's studies 
on complete quenching of spheres and 
rounds, an increase in the quenching 
temperature caused an increase in the 
cooling rate at 72o®C. at the center of 
the specimen. The center cooling velocity 
also has been shown to be dependent upon 
the surface per unit volume for the type of 
specimens studied; the velocity of cooling 
increases with an increase in the surface 
per unit volume. 

Three methods of indicating the rapidity 
of cooling of a body of metal during a 
quenching operation have been proposed: 

1. The time it takes for the metal to 
cool from the quenching temperature to a 
temperature halfway between the quench- 
ing temperature and the temperature of 
the quenching medium (half-temperature 
time): Grossmann, Asimow and Urban^ 
justify the use of this criterion by the fact 
that the half-temperature time includes’ 
the temperature and time of incubation 
as well as the zone of formation of pearlite 
and, further, the data so derived accord 
very closely with experimental values. 

2. The time interval the metal remains 
in a given temperature range; for example, 
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iioo® to 90 o®F.: a number of investigators 
have favored this criterion for indicating 
rate of cooling. The importance of the 
temperature interval iioo'^ to goo^F. is 


bar have interpreted their data based 
upon the cooling rate at i3oo®F. In fact, 
the commonly suggested form for reporting 
end quench hardenability data relates 



Fig. I. — ^Relation of calctjlated proportional temperature level and cooling time for 

VARIOUS DISTANCES FROM QUENCHED END OF HARDENABILITY TEST BAR ( pTOSSmann ), 


unquestioned for the plain carbon-manga- 
nese steels, but the critical range is usually 
lower for most alloy steels; for eimmple, in 
S.A.E. X4130 the most critical temperature 
range is 900° to 6oo®F.; these temperature 
ranges are related to the isothermal 
transformation characteristics. 

3. The instantaneous rate of cooling at 
a given temperature; for example, the 
number of degrees per second at r30o®F.: 
French,® in his original work, reported 
cooling data based upon the instantaneous 
cooling rate at i3oo®F. as an index of 
rate of cooling. Many of the investigators 
using the end-quench hardenability test 


the distance from the quenched end to the 
cooling rate at i3oo®F. 

The effect of quenching temperature on 
rapidity of quench can be predicted from 
thermal calculations if two assumptions 
are made to simplify the mathematical 
analysis. These assumptions are that 
Newton’s law of cooling is followed during 
the quenching operation and that the 
thermal constants of the metal are inde- 
pendent of temperature. Making use of 
these assumptions and Russell's tables,® 
Asimow, Craig, and Grossmann® have 
computed and drawn a chart (Fig. i) 
showing the effect of air cod and end 
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quench on the cooling time at various 
distances from the quenched end along 
the surface of the end-quench harden- 
ability bar. This chart was calculated 
assuming a ** severity of quench factor” 
(Grossmann’s E value) of 2.33 for the end 
quench and 0.022 for the air cool. The 
average thermal diffusivity was taken to be 
0.009 sq. in. per second. 

The effect of quenching temperature on 
the half-temperature time can readily be 
seen from the chart. The proportional 

temperature level ^ (equal to 

where T, is the quenching temperature 
and Tji the temperature of the quenching 
medium) will always be equal to 0.5 if T 
is the temperature halfway between the 
quenching temperature and the bath 
temperature. Therefore, it is expected that 
quenching temperature should have no 
effect on the half-temperature time. 

The quantitative effect of the quenching 
temperature on the time interval that a 
given point on the end-quench hardenabil- 
ity bar remains in a given temperature 
range can also be obtained from Fig. i. For 
example, with a quenching temperature 
(r,) of 2ioo°F., and assuming the temper- 
ature of the water (Tm) as ioo®F., the 
proportional temperature level at ioo®F. 
will be 

T T — Ti£ 1100 — 100 
Tq Tm ** 2100 — 100 ** 

From Fig. i, this gives a cooling time of 
29 sec. at 0.3 in. from the quenched end 
under the effect of the end quench only. 
If the effect of the air cool is also consid- 

T 

ered, the proportional temperature level jr 

will be the product of the effects of the 
end quench and air cooL By inspection 
(Fig. i) a proportional temperature levd 
of 0.5 will require a factor for the end 
quench of 0.53 and a factor of 0.95 for the 
air cool; this gives a cooling time of 25 sec. 
Likewise, at 9oo®F. 


T r — Tjif 900 — 100 

r. “ r, - Tif “ 2100 - 100 “ 

which from Fig. i gives a cooling time of 
50 sec. for the end quench alone and a 
cooling time of 40 sec. with the effect of 
both the end quench and air cool. Thus 
it is seen that at 0.3 in. a bar quenched 
from 2ioo®F. will remain in the region of 
1100® to 9oo®F. for approximately 25 from 
40, or 15 sec. under the influence of both 
the end quench and air cool. Similarly, a 
bar quenched from ijoo^F. will remain 
in the interval 1100® to 9oo®F. for approxi- 
mately 9 sec. under the influence of both 
the end quench and air cool. At 0.3 in. 
distance, then, the bar quenched from 
2ioo®F. will remain in the region 1100® to 
9oo®F. roughly 1.7 times longer than if 
quenched from i7oo®F. Calculations can 
thus be made showing the effect of quench- 
ing temperature on the time interval 
between 1100® and 9oo®F. for any distance 
along the end-quench hardenability bar. 
However, variations in quenching tech- 
nique and composition of sted Hmit the 
use of such a calculated table, and of 
more immediate concern is the fact that 
the quenching temperature does have an 
effect and its direction is such as to give a 
less severe quench for higher quenching 
temperatures. 

The mathematical equation for tempera- 
ture distribution used as a basis for Fig. 1 
cannot readily be used to calculate the 
effect of quenching temperature on the in- 
stantaneous rate of cooling at a given 
temperature. However, the equation is 
simplifled if it is assumed that the end 
surface falls instantaneously to the tem- 
perature of the quenching medium (severity 
of quench factor is infinite) and that the 
effect of air cooling is negligible (Appendix 
i). The rdative cooling rates at various 
temperatures quenching from 1500®, 1700®, 
1900® and 2ioo®F. have been calculated 
using this simplified equation and the re- 
sults are shown in Table i. It is to be 
expected that the results will apply only 
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in the region near the water-cooled end of 
the end-quench hardenability bar, although 
the calculations show a decrease in the 


Table i. — Calculated Effect^' of Quenching 
Tanperature on Cooling Rates at Any 
Given Distance 


Quenching 
Tempera- 
ture, Deg. P. 

Temperature at Which 
Cooling Rate is Measured 

Ratio of 
Cooling 
Rate to 

Deg. F. 

Deg. C. 

I 700 OP. 

Quench 

1500 

1300 

704 

1.229 


1300 

1100 

649 

593 

538 

1.283 

1.308 


1000 

1 318 


900 

483 

1 324 

1700 

1300 

704 

1 


1200 

649 ■ 

I 


I zoo 

593 

I 


1000 

538 

I 


900 

482 

I 

1900 

1300 

704 

0 795 


1200 

649 

0 786 


1100 

593 

0 781 


1000 

538 

0 780 


900 

482 

0.775 

2100 

1300 

704 

0 641 


Z 200 

649 

0 631 


1100 

593 

0 626 


1000 

538 

482 

0 625 


900 

0 622 


" See Appendix, 


severity of quench as the quenching tem- 
perature increases. It is to be noted that, 
in the case of the ideal quench, the relative 
cooling rates for quenching from various 
temperatures are independent of the 
distance along the bar. 

Since the transformation of steel occurs 
over a range of temperatures in the vicinity 
of the “knee” of the S-curve, the time the 
steel remains in this temperature range is 
probably the most useful indication of the 
severity of quench. The range iioo® to 
poo^F. has been used for many steels with 
considerable success. Some alloy steels 
with the minimum time of transformation 
occurring at a lower range require other 
temperature limits for the successful 
evaluation of quenching conditions. 

Test Work 

The relation of time and temperature 
for various distances along a standard end- 
quench hardenability test specimen was 


determined for quenching temperatures 
ranging from 1500® to 2ioo®F. These 
measurements were made using stainless 
steel (18-8 type) and also low-carbon 
nickel-steel specimens. 

Several end-quench hardenability speci- 
mens were made in duplicate or quad- 
ruplicate and quenched from various 
temperatures. In order to obtain a uniform 
grain size, this series of test bars was 
heated to 2ioo®F. to establish uniform 
grain size and then either quenched or 
transferred to a furnace at a lower tem- 
perature before jSnal quenching. In this 
manner, a series was prepared with a uni- 
form grain size quenched from a wide range 
of temperatures. If there is a practical 
difference in the cooling rates or in the 
length of time any portion of the test bar 
remains in the transformation range, the 
depth of hardening should be affected. 

Methods 

In general, standard A.S.T.M. quenching 
equipment and procedure,^^ with the excep- 
tion of quenching temperatures, were used 
in all end-quench hardenability tests. In 
order to -obtain a more exact measurement 
of hardness changes, the Vickers hardness 
method was used in preference to the Rock- 
well hardness test. 

The test specimens were i-in in diameter 
and 4 in. long, with a shoulder H in. thick 
and iK in. in diameter on one end, for 
supporting the specimens vertically in the 
quenching jig. For measurement of the 
quenching temperatures and cooling data, 
a platinum-platinum 10 per cent rhodium 
thermocouple (22 B. and S. gauge) was 
peened into a J^e-in.-dia. hole in. deep 
along the side at a selected distance from 
the quenched end. The thermocouple 
leads were protected with a two-hole pro- 
tection tube supported by a ^-in.-dia. rod 
threaded into the top end of the specimen. 

Two methods for recording temperature 
and temperature changes were used. The 
first of these, a high-speed temperature 
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recorder, was used to obtain most of the wet-ground at 180® apart 0.025 in. in depth 

data for the low-alloy nickel steel No. 63. along the entire length of the specimen. 

Most of the data for the 18-8 specimens The surfaces were further prepared by 

were obtained using a 35-mm. movie hand polishing through the various grades 



Fig. 2. — ^Time-temperature relation for one-pourth inch distance on end-quench test 

BARS from low-alloy STEEL. 


camera with 16 frames per second to 
photograph a millivoltmeter and stop 
watch. Although the measurements with 
the recorder were by far the more conven- 
ient to make, the measurements made by 
the camera and millivoltmeter were more 
easily reproduced. 

The specimens were heated in a high- 
temperature controUed-atmosphere electric 
furnace with the specimen inserted in a 
carbon block to give further protection 
against decarburization. The specimens 
were maintained at the maximum tem- 
perature for at least 45 min. before quench- 
ing or transferring to a furnace at a lower 
temperature for 30 min. before quenching. 

For the specimens on which a hardness 
survey was made, two flat surfaces were 


of emery paper, finishing on 000. Vickers 
hardness measurements with a lo-kg. load 
were made at intervals of 0.025 0.050 

in. along the ground surface for at least a 
distance suf^dent to show a decrease in 
hardness commensurate with the carbon 
content and well below the hardness for 50 
per cent martensite. 

Data Obtained in These Tests 
Typical cooling curves for a distance of 
J4 in. along the end-quench hardenability 
test bar for quenching temperatures of 
2100® and i7oo®F. are shown in Fig. 3 for 
stainless steel (18-8 type). The effect of 
quenching temperature upon the time to 
cool from 1100® to 900®F. for low-carbon 
nickd-steel spedznens is shown in Fig. 
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4. Consistent results are mucli more from various temperatures is shown in 
difficult to obtain for steels with a phase Table 3. Typical end-quench hardenability 
transformation. curves are shown in Figs. 5 to 8. 



Fig 3. — Effect of quenching temperature on cooling rate at i3oo®F. for end-quench 

HARDENABILITY TEST SPECIMEN OF AUSTENITIC STAINLESS STEEL. 


End-quench hardenability tests using a 
number of quenching temperatures were 
made on several steels, the chemical com- 
position of which is given in Table 2. The 


Table 2. — Chemical Composition 


Ste^ 

No. 

C 

Mn 

Si 

S 

p 

Cr 

Ni 

Cu 

A1 

63 

0.17 

0.4s 

0.33 

0.034 

0.016 


1.43 



* 7 S 

0.36 

0.88 

0.32 

0.038 

0 . 0 X 3 

0.10 

0.09 

0.001 

180 

0.30 

0.43 

0.05 

0.033 

0.013 

0.04 


0.0s 


181 

0.31 

1.46 

0.35 

0.031 

0.013 

0.05 

0.09 

0.34 

0.005 

196 

0.30 

0.94 

0.18 

0.028 

.0013 

O.IO 


0.09 

0.001 

197 

0.38 

0.43 

0.01 

0.033 

6.008 

6.05 

0.06 

0.16 

0.005 

198 

0.30 

.049 

.001 

0.043 

O.OIX 

10.06 

0.08 

0.37 

199 

0.33 

0.38 

0.16 

0.037 

.0010 

0.04 

0.09 

0.09 

0.003 

300 

0.30 

0.05 

0.19 

0.037 

0.013 

0.06 

0.03 

0 .IS 


202 

0.39 


0.04! 

0.029 

o.ooSj 

0.03 

0.03' 

0.04 

0.04 

203 

0 - 36 | 

0.88 

0.33 

0.033 

0.013 

o.o 6 | 

0.06 

0.31 


analysis of the hardenability data obtained 
for a number of steels that were quenched 


Summary and Conclusions 

The data that are presented clearly 
establish the fact that the quenching 
temperature for the end-quench harden- 
ability test bar is important, especially for 
steels of low hardenability. It is to be 
noted (Fig. 3) that the cooling rates 
follow closely the relative cooling rates 
predicted by the ideal quench (Table i) 
at' distances dose to the end of the bar. 
The effect of quenching temperature 
beyond H iu. is less important. This 
effect is not great for the narrow range of 
temperatures used in ordinary hardening, 
but is present and should not be neglected 
in comparative hardenability studies. The 
comparative end-quench test results re- 
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DISTANCE FROM WATER - OOOUEO END IN INCHES 

Fig. 4. — ^Relation ov quenching temperature and time to cool prom iioo®F. to poo^F. for 

END-QUENCH HARDENABELITY TEST ON LOW-AIiOY STEEL, 
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Fig. 6. — Typical end-quench hardenabiixty curves. 



Fig. 7. — ^Typicai. end-quench hasbenabiuty curves. 
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Fig. 8. — ^Typical end-quench hardenabiijty curves. 



Fig. 9. — Epeect ot quenching temperature on relative time to cool from iioo® to 90o®F. 
FOR various distances ALONG AN END-QUENCO TEST BAR. 

Calculations were made assuming an ideal quench (infinite severity of end-quench factor and 
air cooling negligible). 
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Table 3, — Analysis of EardenahilUy Data 



SO 

Per Cent 
Marten- 
site 
Hard- 
ness 



End- 


steel 

Xo. 

Quench- 
ing Tem- 
pera- 
ture. 
Deg. F, 

Grain 

Sise 

No. 

quench 

Harden- 

abihty 

Dis- 

tance* 

In. 

Ideal 

Diam- 

eter. 

In. 

63 

38 $ 

2100 

1.7 

0.21 

1.70 


1700 


0 37 

1.9s 



1700» 

10 1 

0 . 2 X 

1.70 

I 7 S 

375 

2100 

1.6 

0.28 

2 00 

180 

1700 


0.33 

2.20 

300 

2100 

I 8 

O.IO 

1.20 

181 


1700 


0.12 

1.30 

350 

3100 

3 6 

0.25 

1.90 

ig 6 


1550 


0.34 

2.25 

350 

2100 

I 8 

0.19 

I. Go 


1 1600 


0.23 

1.80 

197 

345 

3 X 00 

3 7 

0.12 

1.30 

198 

iGoo 


0 135 

1.40 

350 

3100 

1600 

2 8 

I 0 .I 3 S 
0.18 

1.40 
r 60 

199 

330 

2100 

3 5 

0.16 

I. so 


iGoo 


0.185 

I 60 

200 

350 

2100 

2 9 

0.14 

0.18 

1.40 


xGoo 


1. 55 

302 

340 

2100 

2 2 

0 16 

I SO 

I 65 


1600 


0.20 

303 

360 

2100 

i 4 I 

0.31 

1.70 



iGoo 

[ 

0.25 

I 90 


“Spedmen heated to i7oo®P. and quenched from 
this temperature. 


ported in this paper were obtained on 
specimens that had undergone the same 
maadmuin austenitizing temperature that 
minimizes the effect of variations in the 
degree of carbide solution that ordinarily 
affect hardenability measurements. 

The rdation of quenching temperature 
and the time to cool from 1100® to goo^F. 
(Fig. 4) follows closely the effect of 
quenching temperature on the cooling 
rates at i3oo®F. A marked effect of 
quenching temperature on the time to cool 
from 1100® to 9 oo®F. is still noticeable at 
H iu. distance along the bar. It is doubtful 
that the relationship shown in Fig.‘ 4 is 
valid for steels for other compositions, 
since the transformation range of steds 
varies considerably with composition. 

Except in a few isolated instances, the 
quenching temperature had little effect 
on the hardenability of deep-hardening 
steds; because the half-hardness point for 
deeper hardening steels occurs at such a 
distance along the end-quench hardenabil- 
ity bar that there is little or no difference 
in the severity of * quench for various 


quenching temperatures. In an ideal 
quench of an infinite plate (severity of 
end-quench factor being infinite and air 
cooling negligible) the rdative cooling 
rates when quenching from various tem- 
peratures are independent of distance 
from the surface of the plate. In the end- 
quench test, as the severity of end quench 
decreases in value and the air-cool factor 
increases, the rdative cooling rates will 
depend upon the distance from the 
quenched end of the bar, and the quenching 
temperature will have less effect as the 
distance becomes greater. 

This fact can be illustrated by Fig. i, 
in which the severity of end-quench factor 
was taken to beJ 2.33 and the severity 
of air cool to be 0.022. By inspection 
from this chart, the ratio of cooling times 
between 1100® and 90o®F. for a 2100® 
and i7oo®F. quench with a bath tempera- 
ture of ioo®F. is found to be 1.7 at 0.3 in. 
and 1. 1 at 0.9 in. Experimental verification 
of the lowering of the ratio of rdative 
cooling times with respect to quenching 
temperature is shown on Fig. 9. 

It is to be expected that the effect of 
quenching temperature on the end-quench 
test will assume its greatest importance 
in the quenching of low-hardening steels; 
however, the more nearly the quench of a 
section approaches the ideal quench of an 
infinite plate, the greater will be the effect 
of the quenching temperature on the cool- 
ing conditions. For instance, a severe 
quench of a heavy section of sted might 
approach an ideal quench for all practical 
purposes. 

The increase of cooling rates with a 
decrease in quenching temperature should 
not always be expected when quenching 
other geometrical shapes. If a round, or 
sphere, is large enough to have as low a 
ratio of surface to volume as is character- 
istic of the end-quench bar, the quenching 
temperature should have the same quali- 
tative effect on cooling rate, if the ratio of 
surface to volume is high, the effect 0 
quenching temperature may be in the 
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opposite direction. In all cases, the effect 
of quenching temperature will depend on 
the size and shape of the quenched speci- 
men and the severity of quench factor, 
which determines the amount of heat the 
coolant will remove from the surface of the 
quenched specimen. 


which is can be found from 

§T_dT M_ 
dt dt 

or 

Q- [ 3 ] 

2 VJTO 
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APPENDIX 


The differential equation for the flow of 
heat in an infinite plate is 


dT ^ 
a/ “ ® dx* 


[i] 


in which T is the temperature at time ^ 
at a distance x from the surface of an 
infinite plate and a is the thermal diffusiv- 
ity constant. 

The boundary conditions assumed are 
that; when t — o and x ^ x then T ^ Tq 
and when / = o and ac = o then T ^ Tm 
where T, is the quenching temperature 
and Tm the temperature of the quenching 
medium. The values of the thermal con- 
stants are assumed to be independent of 
temperature. 

A solution of Eq. i that fits the boundary 
conditions is; 


r=.^+B» + C-^ f^~»V^er^dN 

■V/V JN-o 

where A — Tm 
B = o 

C=Tq-TM 

Thus 

r = Ta/ + (T, - Tm) 



Since x and t are two mutually independent 
variables, the instantaneous cooUng rate. 


11 Q ^ Qi when x — api, / “ /i, Tq Tq\ 
and Q = Q 2 when x ^ xs^t h, Tq = Tqt 
the instantaneous cooling-rate ratio at 
temperature T, quenching from Tqi and 
Tqi is: 


Qi _ Tqi — Tm 
Q 2 Tqi — Tm 


X 5 ©""x 


(4) 


where 



and 



This equation has been evaluated for 
several quenching temperatures at several 
temperatures and the values are given in 
Table i. 
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DISCUSSION 

(G. R. Bropky presiding 

W. CiLVFTS, Niagara Falls, N. Y. — ^In quench- 
ing from the high temperature, the actual 
hardenability was less. I am not too sure, but 
I believe that that was after the steel quenched 
from 1600® to 1700® had been heated to a high 
temperature, so that the grain growth and 
other factors due to high temperature in the 
steel had been taken out of the comparison. 
I believe that the apparent hardenabili'y 
usually increases in quenching from the high 
temperature as compared to a low temperature 
because of factors such as grain growth. 

In the summary, there is a statement that 
it may not apply to other sections. I would 
appreciate very much a little clarification of 
that. 

C. E. Jackson (author’s reply). — Comment- 
ing upon Dr. Crafts* first question: It is true 
that the measured hardenability probably will 
increase as the quenching temperature is 
increased, offing to the higher solution rate of 
the carbides and residuals. However, if two 
end-quench specimens are heated to 2ioo®F. to 
establish the same grain size and homogeneity, 
and one of the specimens is cooled to x6oo®F., 
for example, and quenched from this lower 
temperature, that specimen will indicate 
greater hardenability than a specimen quenched 
directly from 2ioo°F, 

Mr. Christenson, will you comment on the 
second question? 

A. L- Christenson (author’s reply).-— In 
reference to the effect of quenching tempera- 
ture for sizes other than the end-quench speci- 
men, hardenability will depend upon the 
surface to volume ratio. With a high surf ace-to- 
volume ratio the higher quenching tempera- 
tures will produce a higher hardenability as 
measured. With a low surface-to-volume ratio, 
as with the end-quench bar, the measured 
hardenability will decrease as the quenching 
temperature increases. This is only the effect 
of quenching temperature on the cooling rates 
and does not take into consideration roetal- 
lurgical effects of solution of carbides and 
residuals or changes in grain size. 


R. D. Stout,* Bethlehem, Pa. — ^I wonder 
whether the authors have tried correcting their 
hardenability curves with the data they have 
accumulated. They now know how to correct 
the cooling rate for the fact that the quenching 
temperature has been different. It might be 
interesting to try to correct the two curves 
that show the deeper hardening with a lower 
actual quenching temperature. 

Also, have they any preference in treatment; 
that is, do they prefer to heat it at 2100® and 
then quench from 1700° or quench directly 
from 2100®? I ask that because in applying the 
Jominy test to welding they are, of course, 
making the rather arbitrary assumption that 
the cooling curve resembles the welding cooling 
curve along its full temperature-time relation. 
It may be that one temperature of quench has 
a preference over the other in matching that 
time-temperature relation in the two cases. 

C. E. Jackson. — We have few data to 
correct from one temperature to another, 
although in one particular set of data we found 
that the ideal diameters or the corrected hard- 
enability agreed within themselves as well as 
the measured hardenability. As far as a prefer- 
ence for the low-temperature quench after the 
high-temperature treatment, it may be impor- 
tant that hardenability will be easier to measure 
and there will be a greater depth of hardening 
for the low-temperature quench. 

We have not tried, as far as the welding cycle 
is concerned, to use the data from the lower 
temperature quench. 

H. W. McQuAiD,t Cleveland, Ohio. — We 
ran a number of tests at 1400®, 1600®, 1800® and 
2000® at 20 min., 60 min. and 3 hr. apiece. I was 
quite surprised to find that in some of these 
steels, in order to get maximum hardening, 
Jackson and Christenson had to go to 2000® for 
3 hr ; that the effect of temperature is very 
marked on some steels where there was difficulty 
in getting a carbide solution. I was surprised to 
find how well the low-temperature Jominys 
check with the high-temperature and the short- 
time connects with the long-time when maxi- 
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mum hardenability is obtained. That is par- 
ticularly true with the nickel steels. 

At the usual temperature, 1550° for 20 min., 
the Jominy tests check very well with those at 
2000® for 3 hr. I agree ^ith the authors that the 
effect is relatively small between 1400° and 
1700®, or, rather, between 1500® and 1700®, 
and that we should not be too quick to jump 
at the Jominy curve as being the final one 
unless they have pretty well convinced them- 
selves that all their carbides are in solution and 
thoroughly diffused. 

G. DeVries,* Washington, D. C. — ^The 
authors are to be congratulated for their in- 
teresting and timely paper. It might be pointed 
out, however, that if a bar of finite instead of 
infinite length is chosen for the condition of the 
ideal quench, the relative cooling rates at 
various temperatures are then dependent upon 

* Assistant Metallurgist, National Bureau 
of Standards. 


the distance along the bar, even though air 
cooling is neglected. The flow of heat in a 
plate of finite thickness is like that of an end- 
quench bar of finite length and can be calcu- 
lated from the tables of Russell.^® 

C. E. Jackson and A. L. Christenson. — 
Mr. DeVries is correct in pointing out that in 
a finite bar the relative cooling rates when 
quenching from two different quenching tem- 
peratures are dependent upon the distance 
from the quenched end. In addition to this, 
the authors wish to emphasize that the relative 
difference in cooling rates when quenching end- 
quench specimens from different temperatures 
will have practical significance only at points 
close to the quenched end, and therefore will 
be most important in the quenching of low- 
hardening steels. 

P. Russell: Some Mathematical Con- 
siderations on the Heating and Cooling of Steel. 
First Report Alloy Steels Research Committee, 
Iron and Steel Inst Sec. IX, 149. 



Effect of Sixteen Alloying Elements on Hardenability of Steel 

By Irvin R. Krasier,* Junior Member Robert H. Hapner,* and 

Stewart L. Toleman* 

(Chicago Meeting, October 1943) 


In his paper on the calculation of harden- 
ability from chemical composition, Gross- 
mann^ discussed the effect of most of the 
alloying elements used commercially. The 
purpose of the work reported in this paper 
was to determine the effect of several other 
elements on hardenability — arsenic, anti- 
mony, beryllium, cobalt, columbium, ger- 
manium, tellurium, tin, aluminum, and 
titanium — and to extend the range of com- 
position of some of the elements studied by 
Grossmann — chromium, copper, manganese, 
molybdenum, nickel and silicon. 

Experimentax Methods 

To determine the effect on hardenability, 
suitable amounts of the allojdng elements 
were added to experimental heats and the 
hardenability determined by means of 
end-quenched hardenability specimens. 

The steels were melted in a high-fre- 
quency induction furnace with a basic 
crucible, using ingot iron as a base for 
some of the heats and S.A.E. 1015 for 
others. The alloying additions were made 
as ferroalloys or as metal, depending on the 
alloying element. Hundred-pound heats 
were split and poured into square, tapered, 
cast-iron ingot molds with hot tops. 
Aluminum was not used as a deoxidizer 
in most of the heats. The ingots were 
homogenized for 12 hr. at i26o°C. (230o®F.) 
and forged into rounds of iH-in. diameter. 

PubUshed by permission of the Navy Depart- 
ment. Manuscript received at the office of the 
Institute July 14, I943« Issued as T.P. 1636 in 
Metals Technology, September 1943. 

* Division of Physical Metallurgy, Naval 
Research Laboratory, Anacostia Station, Wa^- 
ington, D. C. 

^ Rdferences are at the end of the paper. 
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These bars were normalized twice from 
840®C. (i 550®F.) before machining into 
Jominy bars. 

The composition of the steels was deter- 



PER CENT MANGANESE 

Fig. I. — Combined multeplying factor for 

MANGANESE AND SILICON VS. MANGANESE. 


mined in most cases by samples taken from 
the end-qu^ndi hardenability specimen. 
As suggested by Crafts,* add-soluble 
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aluminum and titanium were determined taien at appropriate positions on the 

instead of total aluminum and titanium. Jominy test bars after electrol3rtic polishing 

The quenching apparatus and quenching and suitable etching. 



PER CEHT MANGANESE 


Peg. 2, — ^Muxtiplyino pactor for bcanganese. 


method were standard.* The specimens 
were held at 84o°C. (i55o®F.) for 2 hr. in 
graphite blocks. After quenching, the 
specimens were wet-ground on two sides 
to a depth of 0.015 inches. 

Hardness measurements were made with 
a diamond pyramid hardness testing 
machine. The indentations were spaced 
0.05 in. apart, starting 0.025 in* from the 
quenched end. A 30-kg. load was used 
and both sides of the bar were measured. 
The 50 per cent martensite zone was deter- 
mined from Fig. 29 of Grossmann’s paper. 
The grain size was determined from an 
actual count of the grains on photographs 





MULTIPLYING 
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EFFECT OF ALLOYING ELEMENTS ON HARDENABILITY OF STEEL 


Deteej^iination of Multiplying Factors to the ideal critical diameter as calculated 
The multiplying factors for manganese from Grossmann’s data on carbon, grain 
were obtained by computing the ratio of size, sulphur and phosphorus. These ratios, 

the experimental ideal critical diameter which also contain the factors for silicon 



I 2 3 

PER CENT NICKEL 


Fig. 4. — Multiplying factor for niczel. 



and any undetermined impurities, as well 
as for manganese, were plotted as in Fig. i. 
The intercept of a line drawn through these 
points gave the factor for the combined 




PER CENT CHROMIUM 
Fig. 6. — ^Multiplying factor, for chromium. 


PER CENT MOLYBDENUM 

Fig. 7. — Multiplying factor for molyb- 
denum. 

effect of silicon and impurities, and dividing 
the ratios of Fig. i by this value gave the 
factors for the effect of manganese alone 
(Fig. 2). 

The values obtained for manganese were 
then used in a similar manner to determine 
the multipl3dng factors for the other allo3dng 
elements. ' For nickel, copper, beryllium 
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and cobalt, the calculated hardenability 
factors did not extrapolate to unity for 
zero per cent allo3dng element. For nickel 



Fig. 8. — Multiplying factor for titanium 

(ACID-SOJ.UBLE). 

the unknown allo3dng elements together 
gave a factor of 1.20. 


The factors for manganese (Fig. 2) are 
in agreement with those found by Crafts 
and Lament and are higher than those 



determined by Grossmann. Silicon (Fig. 3) 
was found to have a greater effect than 
reported by either Grossmann or Crafts 
and Lament. Nickel (Fig. 4) and copper 
(Fig. 5) have about the same effect on 
hardenability as indicated by Grossmann, 
while chromium (Fig. 6) appears to have a 
somewhat greater effect. The curve for 
the chromium factors appears to depart 



Data 

The composition of the steels as deter- 
mined by chemical analysis is given in 
Table i. Included in Table 2 are the ob- 
served Jominy distance, ideal critical 
diameter, the observed grain size, the ratio 
of the observed ideal critical diameter 
to the calculated ideal critical diameter for 
all of the elements except the one that was 
varied and the factors determined in 
this investigation. The factors for the 
various allo3dng elements are shown in 
Figs., 2 to 16, inclusive, and those of other 
investigators are given for comparison. 


from linearity at about 0.5 per cent Cr; 
however, since a point at 1.73 per cent Cr 
falls on the extrapolated linear portion 
of the curve, the area between the two 
was shaded. It is believed that the lower 
curve is the more probable. As is to be 
expected of alloying dements forming 
stable carbides, the effect of molybdenum 
over 0.2 per cent (Fig. 7) is variable; below 
this amount the agreement with Grossmann 
is excellent. Titanium and columbium, the 
carbides of which are quite stable, decrease 
hardenability (Figs. 8 and 9). Beryllium 
has about the same effect on the harden- 
ability as manganese (Fig. 10). 
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EFFECT OF ALLOYING ELEMENTS ON HARDENABILITY OF STEEL 


Arsenic and antimony (Figs, ii and 12) 
behave in a similar manner; up to a certain 
percentage the hardenability increases but 


cc 



Fig. II. — Multiplying pactor por antimony. 

with further additions of these elements, 
the hardenability decreases. Tellurium 
causes a marked decrease in hardenability 
(Fig. 13) ; 0.01 per cent has as much effect 


(Fig. 15), but the average curve is in 
close agreement with their results. The 
effect of tin (Fig. 16) on hardenability is 



Fig. 14. — ^Multiplying factor for cobalt. 

about the same as that of aluminum and 
silicon. 

The rare element germanium, which 
occasionally is reported as present in 



in decreasing hardenability as o.i per 
cent sulphur. Although cobalt is known to 
decrease hardenability, no data for the 
effect of less than one per cent were found. 



Fig. 13. — ^Multiplying factor for tel- 
lurium. 


However, even as Kttle as 0.22 per cent 
decreases hardenability (Fig. 14). 

The factors for aluminum show the same 
scattering observed by Crafts and Lament 


steel, was found to have no effect on 
hardenability. 

Discussion of Results 

The effect of some elements is indeter- 
minate because of the uncertainty that 
the method of chemical analysis employed 
determines, of the total amount present, 
the part that affects hardenability. It is 
known that aluminum can form oxides, 
sulphides, and nitrides. The ordinary 
chemical methods for soluble” aluminum 
will separate the oxides, but it is not known 
whether the sulphides or nitrides as they 
exist in the sted are soluble in the add. 
Experimental work on the anal3rsis of 
sulphur^ has shown that the evolution 
method gives much lower results than the 
gravimetric method if the aluminum con- 
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Table i. — Chemical Composition 
Per Cent 





















muuplying factor 
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EFFECT OF ALLOYING ELEMENTS ON HARDENABIUTY OF STEEL 


Table i. — (Continued) 



C 

Mn 

Si 

p 

S 

Ni 

c« 

Cr 

Mo 


GAK 

0.39 

0 42 

o.so 

0 

010 

0 028 



0 08 

0 075 


0 00 Sb 

GAL 

0 39 

0 42 

0.48 

0 

010 

0.026 



0.09 

0 075 


0 10 Sb 

GAM 

0 37 

0.42 

0.47 

0 

010 

0 026 



0 09 

0 075 


0 21 Sb 

GAN 

0 33 

0.44 

0 47 

0 

010 

0 027 



0 09 

0 068 


0 34 Sb 

GJT 

0.38 

1.14 

0 18 

0 

.004 

0 019 

0 

10 

0 08 

0.009 


0 06 Cb 

GJU 

0 40 

1. 14 

0.19 

0 

004 

0 021 

0 

10 

0.08 

0 017 


0 18 Cb 

GJV 

0 40 

I 13 

0 22 

0 

004 

0 021 

0 

10 

0 08 

0 017 


0 33 Cb 

GJW 

0.39 

I 12 

0 24 

0 

004 

0 021 

0 

10 

0 08 

0 017 


0.73 Cb 

GDT 

0 35 

0.44 

0 55 

0 

013 

0 030 

0 

10 

O.is 

0 036 


0 00 Co 

GDU 

0 35 

0 44 

0 52 

0 

013 

0 032 

0 

10 

0 14 

0 033 


0 22 Co 

GDW 

0 33 

0 44 

0 54 

0 

.013 

0 032 

0 

10 

0 14 

0 033 


0 71 Co 

GKA 

0 40 

I 08 

0.24 

0 

006 

0 023 

0 

02 

0 08 

0 010 

0 005 

0.003 Te® 

GKC 

0 40 

I 06 

0 25 

0 

006 

0 023 

0 

02 

0 08 

0.010 

0 005 

0.010 Te® 

GKD 

0 40 

I 08 

0 26 

0 

006 

0 023 

0 

02 

0 08 

0 010 

0 005 

0 OIS Te® 

GCU 

0.43 

0 46 

0 29 

0 

Ois 

0 034 

I 

17 

0 17 

0 04 


0 003 Te® 

GCX 

0 39 

0 46 

0 29 

0 

OIS 

0 034 

I 

18 

0 17 

0 04 


0 012 Te® 

GHA 

0 31 

1.13 

0 22 









0 00 Ge 

GHB 

0.29 

1. 12 

0 22 









0 059 Ce 

GHC 

0.28 

1. 13 

0 22 









0 106 Ge 

GHD 

0 27 

I 17 

0.20 









0 165 Ge 

GMO 

0.38 

I 08 

0 30 

0 

006 

0 016 



0.06 

0 052 


0 03 Ti 

GMP 

0.39 

I 04 

0 37 

0 

006 

0 016 



0 06 

0 052 


0 05 Ti 

GMR 

0 39 

I 09 

0 39 

0 

006 

0 016 



0.06 

0.052 


0 . 10 Ti 

GMS 

0 37 

I II 

0 40 

0 

006 

0 016 



0.06 

0 052 


0 16 Ti 

GW 

0 43 

0.44 

0 55 

0 

014 

0 028 



0 09 

0.054 


0 06 Ti 

GX 

0 42 

0 44 

0 54 

0 

014 

0 028 



0 09 

0 054 


o.ii Ti 

GDP 

0 31 

0 48 

0 54 

0 

013 

0 028 



0.14 

0.05 


0 03 A 1 

GMT 

0 34 

I 13 

0.37 

0 

005 

0 026 



0.00 

0.016 


0 06 A 1 

GDS 

0.2S 

0.48 

0 54 

0 

013 

0 028 



0 14 

0 05 


0.06 A 1 

GMU 

0 34 

I 11 

0 36 

0 

005 

0 026 



0 06 

0 016 


0 12 A 1 

GMW 

0.30 

I 10 

0 38 

0 

005 

0 028 



0.06 

0.018 


0 19 A 1 

GME 

0.44 

I 09 

0 50 

0 

005 

0.030 



0 06 

0 016 


0 02 Sn 

GMG 

0 42 

I 09 

0 50 

0 

005 

0.030 



0.06 

0 016 


0 06 Sn 

GMH 

0 41 

itos 

0 SI 

0 

005 

0 030 



0 06 

0 016 


0 II Sn 

GMJ 

0.38 

I 08 

0 50 

0 

005 

0 029 



0 05 

0 015 


0 17 Sn 


» Added. 


tent is high. The effect is not great, how- 
ever, if the aluminum content is low. It is 
conceivable, therefore, that the acid- 
soluble aluminum may also contain some 



PER CENT ALUMmUM ADO SOLUBLE 

Fig. 15. — Mttltiplycng factor for aluminum 
(acid-soluble). 


aluminum other than that which con- 
tributes to hardenability. 

The same question arises with the add- 
soluble titanium determination. X-ray 


diffraction examination of the insoluble 
residue showed the presence of titanium 
carbide as well as of titanium oxide. The 
question immediaetly arises as to whether 



this residue contains the titanium carbide 
that failed to dissolve in the austenite 
or the titanium carbide that may have 
predpitated upon air cooling or a mixture 
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Table 2 . — Hardenabiliiy Data 



Percentage 
of Alloy 

Grain Size 

Jominy 

Distance 

Ideal 

Diameter 

Fa‘Px 

Fa 

GPB 

0 04 Mn 

8 1 

0 015 

0 30 

1.40 

I 16 

GV 

0 4S Mn 

6.2 

0 16 

I SO 

4 6s 

3 84 

GPP 

0 45 Mn 

6.1 

0 10 

I IS 

4 34 

3.51 

gba 

0 50 Mn 

5-9 

O.Il 

I 20 

3.97 

3 28 

gaa 

0 63 Mn 

4 5 

0 20 

I 70 

4.45 

3.68 

GBH 

I 02 Mn 

4.7 

0 35 

2 40 

6 05 

5 00 

GBN 

I 36 Mn 

5.8 

0 68 

3 50 

8 25 

6 81 

GBM 

1 39 Mn 

5 8 

0 59 

3 20 

7.84 

6 48 

GBL 

I 47 Mn 

5.5 

0 00 

3 30 

8 55 

7 06 

GBK 

I 53 Mn 

5 2 

0 59 

3 20 

8 74 

7 33 

GJO 

0 32 Si 

3 9 

0 24 

I 90 

I 34 

1.34 

GDK 

0 52 Si 

5 5 

0 32 

2 27 

X 53 

1.53 

GDG 

I 04 Si 

6 8 

0 IS 

X 43 

I 98 

I 98 

GDM 

I 55 Si 

9 3 

0 so 

2 95 

2 82 

2 82 

GAV 

0 02 Mo 

7 8 

0 16 

I 49 

1. 00 

I 00 

GAU 

0. 13 Mo 

10 0 

0 18 

I 60 

1.37 

1.37 

GLD 

0 16 Mo 

6 4 

0 25 

I 95 

I 53 

I 53 

GDB 

0 18 Mo 

6 2 

0 26 

2 00 

1 53 

I. S 3 

OLE 

0 37 Mo 

6 I 

0 31 

2 20 

1.76 

I 76 

GAW 

0 38 Mo 

II 2 

0 23 

I 85 

I 58 

I 58 

GDC 

0^44 Mo 

6.0 

0 30 

2 19 

1. 8s 

i.8s 

GLG 

0 59 Mo 

7.0 

0 42 

2 65 

a. 32 

2 32 

GAT 

0 66 Mo 

10.7 

0 30 

2 19 

I 82 

1.82 

GDD 

0.64 Mo 

6.6 

0 50 

2 95 

2 65 

2 65 

GKO 

0.33 Cu 

6, 1 

0 19 

I 6S 

I. SO 

1.07 

GKP 

0 59 Cu 

6 2 

0 20 

1.70 

I 61 

I. IS 

GES 

0 86 Cu 

6 0 

0 21 

1.75 

I 6s 

1. 18 

GKT 

I 0*8 Cu 

5 9 

0 25 

1.95 

1.87 

X.34 

GKXJ 

X 66 Cu 

6 2 

0 27 

2 05 

2 06 

1.47 

GKV 

2 22 Cu 

5 8 

0 33 

2 32 

2.26 

1.02 

GKE 

0.3Z Ni 

6 I 

0 18 

1 60 

1.36 

1.13 

GKG 

0 S3 Ni 

6 5 

0 19 

1.6s 

I 40 

1. 17 

GKH 

0 76 Nx 

6.6 

0 22 

1.80 

1.57 

I 31 

GKT 

0 93 Ni 

6 4 

0 21 

I 75 

I 56 

1.30 

GKE 

2.83 Ni 

6 9 

0 36 

2 45 

2.34 

1 95 

GKL 

2 42 Ni 

6 3 

0 35 

2 40 

2.17 

I 81 

GKM 

I 97 Ni 

6 5 

0 29 

2 . IS 

I 96 

I 63 

GKN 

1.49 Ni 

6.9 

0 25 

I 95 

1. 81 

l.Sl 

GCK 

0 068 Cr 

4.8 

0.41 

2 65 

1.37 

1.37 

GLH 

0 22 Cr 

6 5 

0 22 

1.80 

I 77 

I 77 

GCH 

0 33 Cr 

5 5 

0 23 

I.8S 

2 06 

2.06 

GLT 

0 SO Cr 

6 8 

0 33 

2 28 

2 40 

2.40 

GCB 

0 59 Cr 

5 4 

0 33 

2 28 

2.70 

2 70 

GLK 

0 73 Cr 

6.5 

0 45 

2 75 

2 72 

2.72 

GLL 

0 96 Cr 

6 6 

0-53 

3 03 

2.93 

2 93 

GCC 

X 73 Cr 

6.0 

I 30 

4 80 

5.94 

5 94 

GAH 

0 08 As 

3 2 

0 17 

I.SS 

I OS 

I. OS 

GAG 


3 9 

0,17 

1.55 

1 . 10 

l.IO 

GJK 


4 3 

0 33 

2 28 

1. 13 

1. 13 

GAB 


4-1 

0 IS 

I 44 

1.26 

1.26 

GJL 


5.0 

0.27 

2 05 

1.23 

1.23 

GPN 

0 00 Be 

8 I 

0 II 

I 20 

1,27 

1 . 00 

GPO 

0 08 Be 

5.8 

0.21 

1.75 

1.59 

x.a8 

GPP 

0 II Be 

6 8 

0.23 

I 85 

1.68 

1.37 

GPS 

0 23 Be 

5 8 

0 35 

2.40 

2.19 

1-77 

GAK 

0 00 Sb 

6 0 

0 II 

1.20 

1. 00 

1. 00 

GAL 

0 10 Sb 

4 7 

0.18 

1.60 

X.I8 

1 . 18 

GAM 

0.21 Sb 

6.1 

0.16 

I 50 

1. 31 

1.31 

GAN 

0 34 Sb 

5 . 1 

0.16 

I. SO 

1. 21 

I 21 


0 06 Cb 

7 3 

0.19 

i.6s 

1.006 

1 006 

Gipr 

0 18 Cb 

7 S 

0.17 

1. 54 

0.984 

0 984 

GJV 

0 33 Cb 

8.7 

O.IS 

1.42 

0.960 

0.960 

GJW 

0 73 Cb 


0.12 

1.27 

0.91a 

0 9x2 

GDT 

0.00 Co 


0 13 

I 32 

1 30 

1 . 000 

GDU 

0 22 Co 


0 IS 

I 43 

I 28 

0 98s 

GDW 

0 71 Co 


0 14 

1.37 

1.24 

0 954 
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Table 2. — {Continued) 


mM 



Tominy 

Distance 

Ideal 

Diameter 

Fa - Fx 

Fa 

GKA 

0.003 Te“ 

8.9 

0 16 

I. SO 

I.os 

0 990 

GKC 

0 010 Te* 

8.6 

0 IS 

1.44 

X.03 

0.970 

GKD i 

0 ois Te» 

8.8 

o.is 

1-44 

I 01 

0 950 

GCU 

0 003 Te» 

7.9 

0.18 

1. 00 

1.19 

0 985 

GCX 

0.012 Te® 

7.9 

0.16 

I. SO 

I 16 

0 960 

gha 

0.00 Ge 

S.6 

0.24 

1.90 

I 00 

I.OO 

GHB 

0 059 Oe 

S-S 

0 23 

I.8S 

I.OO 

I.OO 

GHC 

0 106 Ge 

S-S j 

0 23 

I 8S 

I.OO 

I 00 

GHD 

0 165 Ge 

S.6 1 

0.23 

I.8S 

1.00 

I.OO 

GMO 

0.03 Ti 

7.8 

O.IS 

1.43 

0.945 

0 945 

GMP 

0.0s Ti 

7.2 

0.17 

1 . 52 

0 849 

0 849 

GMR 

0 10 Ti 

9.1 

0 14 

I 37 

0 8 S 7 

0 857 

GMS 

o.i6 Ti 

8.S 

0 II 

1.20 

0.707 

0 707 

GW 

0.06 Ti 

7.4 

0 13 

1.30 

I 17 

0 8qo 

GX 

o.n Ti 

7.1 

O.II 

1. 18 

I.OS 

0 799 

GDP 

0 03 A 1 

8.2 

0.09 

1.02 

I.os 

I OS 

GMT 

0 06 A 1 

9.0 

0.14 

1.38 

I.os 

I OS 

GDS 

0 06 A 1 

7 .S 

0 II 

I.16 

I 21 

I 21 

GMU 

0 12 Al 

8 3 

0.14 

1.38 

1.03 

1.03 

GMW 

0.19 Al 

S 6 

0.2s 

I 9 S 

1.24 

1.24 

GMB 

0 02 Sn 

8.1 

0.21 

1. 71 

I 02 

1.02 

GMG 

0 06 Sn 

7.2 

0.25 

I 95 

1.07 

1.07 

GMH 

0 II Sn 

6.6 

0.27 

2.02 

1. 12 

I.I 2 

GMJ 

0 17 Sn 

6.2 

0.29 

2 . II 

1. 16 

I 16 


a Added. 



Fig. 17. — CoMPABisoK or MULTiPLYrNO PACTOBS FOR Mn, Cr, Si, Ni, Cu. 
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of both, since the chemical samples were 
taken from the upper end of the end-quench 
hardenability bar. It would be worth while 
to know how the proportion of insoluble 


Of considerable interest is the number 
of different types of alloying elements that 
decrease hardenability; namely, cobalt, 
tellurium, columbium and titanium. 
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Fig. 18, — Comparison of mdltiplycng PAcrojas fob. Be, Mo, Sb, Al, Sn, As, Co, Cb, Te, Ti. 


titanium carbide changes with carbon 
content and the austenitiaang temperature. 

The effect of the dements that form 
stable carbides depends upon the austen> 
itizing temperature and how completdy 
such elements are in solution. The effect 
on hardenability is greater when the steels 
are hdd at a sufficiently high temperature 
and for a time long enough for the carbides 
to go into solution. When they are quenched 
from too low a temperature, the harden- 
ability may be low either because the 
alloying dements have combined with 
carbon to decrease the alloy and carbon 
content available for hardenability or the 
undissolved carbides may act as nudei for 
the transformation reaction. 


The decrease of hardenability by cobalt 
may perhaps be assodated with the fact 
that in the binary iron-cobalt system, 
cobalt raises the transformation tempera- 
ture and decreases the hysteresis of the 
alpha-gamma transformation between heat- 
ing and cooling. 

While titanium and columbium both 
form stable carbides and nitrides, their 
individual effects on hardenability cannot 
be explained in the same manner. The 
decrease in hardenability due to the loss 
of available carbon by the formation of 
CbC or TiC is suffident to account for the 
effect of columbium but not of titanium. 

Tellurium, like sulphur, combines with 
manganese but its effect on hardenability 
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is far greater than can be attributed to the 
formation of manganese telluride. 

Summary 

The effect on hardenability of nickel, 
chromium, molybdenum and copper is 
substantially that reported by Grossmann, 
while that of manganese agrees with the 
results of Crafts and Lament. Silicon was 
found to have a greater effect than re- 
ported by either Grossmann or Crafts and 
Lament. Beryllium, arsenic, antimony, tin 
and aluminum increase hardenability; 
cobalt, columbium, titanium and tellurium 
decrease it, while germanium has no 
effect. 
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DISCUSSION 

(This discussion refers also to the paper by 
Crafts and Lamont, which begins on page 157) 

(C. M. Loeb, Jr.f presiding) 

C. M. Loeb, Jr,* New York, N. Y.— A 
couple of years ago I attended a symposium 
on Caustic Embrittlement in Steel and one 
of the gentlemen who gave one of the 15 papers 
at that symposium made a statement that I 
think applies here. He said something like this: 
‘‘Gentlemen, we have 15 papers on this 

* Vice President, Climax Molybdenum 
Company. 


symposium on caustic embrittlement. I sin- 
cerely hope that next year there will be fewer 
That will mean that we know something about 
caustic embrittlement.” 

I think we are about at the same stage in 
this interpretation of data as a result of work 
started by Grossmann, and I believe that the 
discussion, both oral and written, should be 
in some detail, so that we can all get more 
facts on which we could base ultimate con- 
clusions. Are there any written discussions 
first, please? 

G. F. Comstock,* Niagara Falls, N. Y. — 
This paper is of so much practical interest, 
in view of the increasing use that is being made 
of the property of hardenability in alloy steels, 
that it is disappointing to find it so much 
condensed and lacking in detail. No doubt 
this is not the fault of the authors, however. 
An explanation of the meaning of the symbols 
FA and FX in Table 2 would be helpful, and 
it would seem that space might have been 
provided at the top of this table for self- 
explanatory headings of the sixth and seventh 
columns. It seems that in many instances FX 
must simply be unity, for in the Si, Mo, Cr, 
As, Sb, and Cb steel series, for instance, the 
values given in the two columns are identical. 
Some explanation for this, or for the values 
being different in other series of steels, seems to 
be called for. 

It would also have been helpful if the total 
titanium contents of the titanium steels had 
been given, as presumably the titanium values 
in Table i are add-soluble titanium, although 
they are not so marked. The reason for using 
add-soluble titanium anyway is not entirely 
dear. Crafts and Lamont, who are deferred to 
as authority for this practice, did not discuss 
titanium at all in the reference given. If 
titanium oxide alone were eliminated from 
consideration by basing the results on add- 
soluble titanium only, as is true for aluminum, 
this procedure might be justified, but actually 
more or less of the carbide is also disregarded, 
and it is not dear why this should be done in 
studying hardenability any more than chro- 
mium or molybdenum carbides are dis- 
regarded. Just because titanium carbide 


• The Titanium Alloy Manufacturing Com- 
pany. 



DISCUSSION 


149 


happens to be less soluble in acid is no proof 
that it has no effect on hardenability 
In our work ^dth titanium steels it has not 
often been found that attempts to distinguish 


authors and by Crafts and Lamont in the 
reference cited in the paper. Data obtained 
from specimens end-quenched from 1950°?. 
agreed very well with data obtained with 



Fig. 19. — ^Average curve tor all data on hardenability factors for titanium, omitting 

DOUBTFUL POINTS. 


between titanium carbide and titanium in solid 
solution, by analyzing for acid-soluble and 
insoluble titanium, have led to useful results. 
It seems that the carbide, if occurring in 
sufficiently fine particles, is sometimes partly 
soluble in add. Possibly the presence of nitride, 
which exists in solid solution in the carbide, 
has also some effect on the solubility of the 
partides in add. We have found that it leads 
to more consistent results in practice to base 
our investigations of the effects of titanium 
on the total titanium content of the steel. 
The error arising from the presence of titanium 
oxidq has not appeared to be serious, since 
metallographic examination indicates that 
titanium oxide is not as apt to remain in the 
steel as alumina is, except perhaps in the higher 
alloy steds, where more than enough titanium 
is present to combine with all the carbon. 

Our condusions as to the effect of titanium 
on the hardenability of steel are quite different 
from the authors', and are as shown on the 
chart in Fig. 19. Each dot here represents the 
factor from one test. The steels used ranged 
from 0.23 to 0.40 per cent carbon, and from 
0.62 to 1.69 per cent manganese. All the irnpuri*- 
ties revealed by the spectrograph were deter- 
mined by anal3rsis, and allowed for. The method 
of testing was the same as that used by the 


i5So®F. quenching, the differences in grain 
size being considered, of course. 

Our results are based on total titanium, and 
the authors* curve might agree with the lower 
part of ours if their results could be plotted 
against total titanium too. But their failure 
to find any titanium factors above unity is 
not explained. It would seem that the soluble 
titanium should be more effective for promoting 
hardenability than the insoluble or carbide 
portion, if any difference is to be expected, yet 
these results apparently indicate the opposite. 
Our specimens, unlike those used by the 
authors, were not normalized twice, and were 
not held 2 hr. in graphite blocks before the 
end-quenching; but they were protected against 
scaling at the quenched end by our regular 
method, as described on p. 225 of Metal 
Progress for February 1943. 

Perhaps the authors’ failure to obtain any 
increase in hardenability from the titanium 
in their steels may have been due to the long 
soaking of the test specimens in graphite, 
resulting in combination of all the titanium 
with carbon near the surface where the hard- 
ness tests were made after quenching. The 
samples used for the chemical analyses may 
not have been affected in this way, or their 
‘'add-soluble titanium” may have induded 
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only the finer carbide particle^. It is quite occasionally the scheme fails. The present 
possible that this influence of the soaking in paper, together with that^ of Crafts and 
graphite may have affected only the titanium Lamont® and of '•Austin and coworkers® have 
steels, because of the greater affinity of tita- evidently aimed at improving on the accuracy 



Fig. 20. — Variation in basic delation, ideal diameter versus Jominy distance. 


nium, as compared with the other elements, for 
carbon. Or could it be possible that in the 
i2-hr. treatment at 23oo®F. the titanium in the 
outside layers of the authors’ samples, where 
the hardness tests were actually made, was 
largely oxidized? Our ingots were soaked only 
4. hr. at 220 o®F. before forging. The authors’ 
views regarding these proposed explanations 
for the difference between their results and ours, 
or on any other explanation that they find 
preferable, would be appreciated. 

G. R. Brophy* and A. J. Miller,* Bayonne, 
N. J. — ^The scheme proposed by Grossmann 
for the calculation of hardenability of steel 
from composition* promises to be a^ valuable 
tool, but before the scheme can be applied 
broadly, accurate multiplying factors must 
be available. At present the scheme is prac- 
tically successful and according to Grossmann 
**is accurate to 10 to 15 per cent in the great 
majority of cases.” The inference is that 

* Metallurgist, The International Nickel 
Company, Inc., Research Laboratory. 


of the factors of a number of the elements, but, 
in the writers’ opinions, have not succeeded 
because of. (i) the use of three different 
basic relations between Jominy distance and 
the ideal critical diameter; (2) different and, in 
some cases, wrong methods of choosing the 
Jominy distance to half hardness, and (3) the 
assumption of a linear relation between 
multiplying factor and element content. 

In illustration of the first inaccuracy, the 
relations between ideal critical diameter and 
Jominy distance used by the investigators are 
shown in Fig. 20. Grossmann’s original curve is 
the highest and falls as a simple convex curve, 
Austin, on a redetermination over a short 
distance at the lower end, found the curve to 
fall well below Grossmann^s and to be concave. 
The probable accuracy of this was acknowl- 
edged by Grossmann, who believes that it is 
unimportant because it was only 10 per cent 
of the whole curve. Unfortunately, a large 

» This volume, page 157. 

• Trans, Amer. Soc. Metals (1943) 31. 
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number of shallow and medium hardening and, as might be expected, show a wide 
steels are included in this range and the range divergence as the manganese content decreases, 
between the end of Austin’s curve and the It is interesting that the recalculated values 
uncertain junction with Grossmann’s curve. A using the authors’ A do not agree with the 



large proportion of the steels of all the invest!' 
gations are included within this uncertain 
range. The present authors have used a 
compromise rdation shown in Fig. 21 which 
was constructed from the data contained in 
their Table 2. Beyond o.3S-in, Jominy distance, 
the curve, previously convex, becomes either 
linear or ^ghtly concave as shown. 

To illustrate the influence of these dis- 
crepancies, we have recalculated the authors’ 
manganese series steels, using each of the A 
rdations mentioned and Grossmaim’s factors 
for each element as given. The factors for all 
the dements as listed in the authors’ Table i 
(p* 143) except manganese were multiplied 
together and each A divided by the product. 
The quotient then should be ^e manganese 
factor. This we believe to be the accepted 
procedure. The results are shown in Table 3, 


authors’ calculated manganese factors in most 
cases. 

The recalculated factors are plotted in Fig. 2 1 
together with the various published manganese 
factor curves. The curve labdled ‘'Austin 
published” was calculated from his “Ideal 
Critical Diameter — ^Per Cent Manganese” 
relationship (Fig. 16 of the paper dted). Except 
at the very low manganese contents it agrees 
reasonably well with values calculated by the 
writers for the manganese series of Ejamer 
and associates when employing Austin’s ideal 
diameter versus Jpminy distance curve. This 
suggests that if Austin had extended his work 
to include more highly alloyed steels he would 
have found also a concave factor curve. If the 
recalculated Grossmann curve be considered, 
the intercept on the A indicates the 
presence of some undetermined element or 
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elements that contribute to hardenability. 
Therefore these calculated factors should be 
divided by the. intercept values If this is done, 
the curve labeled “Grossmann +3” is devel- 
oped. This shows a much too small manganese 
effect. Still when the authors* Di relation is 
used values well above Grossmann’s published 
curve were obtained and a linear relation to 
composition is not indicated. The situation is 
quite confusing. 

The second inaccuracy, the choice of Jominy 
distance, arises from the fact that the half- 
hardness point has been determined metal- 
lographically in some cases and in others frora 
a measurement of the distance on a Jominy 
bar to a definite hardness, which was chosen 
from the carbon-steel half-hardness curve, in 
spite of the known fact that alloy steels have a 
higher 50 per cent martensite hardness at a 
given carbon level. 

The third inaccuracy results from the original 
assumption of linear factor curves and the 
subsequent subjective construction of linear 
curves in spite of frequent contrary indications 
of the experimental data for some elements. 
The use of these inaccurate factors, which may 
be too small or too large, depending upon the 
true shape of the curve, causes an error in the 
determination of the factor for another ele- 
ment by the Grossmann method. It is believed 
this is the cause of the 10 to 15 per cent 
inaccuracy found, which in most cases is held 
so low only by the doubtful virtue of com- 
pensation. The inferred exceptional cases where , 
greater inaccuracy results are those where 
compensation fails. 

W. Crafts,* Niagara Falls, N. Y. — 
Although the question was directed toward 
Mr. Kramer, I should like to comment on Mr. 
Brophy*s question. He questioned the accuracy 
of Grossmann’s correlation between Jominy 
depth and ideal diameter near the water- 
quenched end of the Jominy specimen, and the 
effect of the discrepancy on the multiplying 
factors. It is felt that the ideal diameter in 
Qrossmann*s curve is somewhat on the high 
side but that the Austin curve is probably on 
the low side. In the work by Mr. Lamont and 
myself, this point was checked to a limited 
degree and it was considered that the error 

* Union Carbide and Carbon Research 
Laboratories. 
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in using Grossmann’s curve was too small to 
produce significant differences in the factors 
estimated from shallow-hardening steels. In- 
asmuch as most of our steels had hardenability 
beyond the questionable range, the Grossmann 
curve was not modified for determining multi- 
plying factors. 

It is believed that the nonlinear or S-shape 
tendency of some of the multipl3ring factors 
described by Mr. Brophy may be explained 
more reasonably by reference to the mode of 
transformation of the steel. For manganese 
and nickel we found a significant break in the 
multiplying factor at high alloy contents that 
corresponded with a change in the character 
of the nonmartensitic structure. Similarly, in 
high-chromium and molybdenum steels the 
factor derived from “half-martensite” hardness 
also broke to higher levels. This was found to 
result from the transition from pearlite to 
harder bainite in the nonmartensite portion 
of the structure as the alloy content was 
increased. The hardness of the nonmartensite 
portion of the structure at “half martensite” 
varies to such a degree, owing to the specific 
effects of the various elements, that the signifi- 
cance of factors based on “half-martensite” 
hardness is limited to some extent by the 
specific compositions that are tested. 

It is believed that this is also true to a lesser 
degree in factors derived from microscopic 
determination of the “half-martensite” point. 
This is considered to be the probable major 
reason for the differences between the silicon 
and nickel factors determined by Messrs. 
Kramer, Hafner, and Toleman and those 
determined by Mr. Lament and myself. The 
questionable significance of the “half-martens- 
ite” point and the difficulty of measuring it in 
nonpearlitic steels suggests that it might be 
more reasonable to base hardenability measure- 
ments on 100 per cent than on 50 per cent 
martensite. ' 

The reliability of analysis and the significance 
of add-soluble titanium are open to some 
question, and it would be appreciated if the 
total titanium analyses could be given. In 
our analyses it appeared that a large part of 
the titanium that had an effect on increasing 
hardenability and was presumed' to be soluble 
in the austenite, was converted to an add- 
insoluble carbide after transformation, so 
that the add-soluble titanium figure repre- 


sented less than the amount of titanium that 
was available to affect hardenability. 

C. H. JuNGE,* Chicago, 111 . — I would like 
to comment a little about the use of the 
Jominy end-quench test as applied to cast 
steels. It is understood that the “critical 
hardness” of a steel is the hardness of an 
aggregate composed of 50 per cent martensite 
and 50 per cent fine pearlite. Many times in 
cast steels subjected to the end-quench test, 
it is found that some predpitated proeutectoid 
ferrite is present in the spedmen in the region 
of apparent critical hardness. To what extent 
does the presence of this third microconstituent 
interfere with the relationship between carbon 
content and critical hardness (Grossmann^s 
Fig. 29), and consequently with the correlation 
of Jominy distance with ideal critical diameter? 
I should be interested to know whether this 
ferrite separation has been encountered by 
other investigators in cast steels, and if it ever 
occurs in rolled or forged h3rpoeutectoid steels 
tested by the end-quench method. 

I. R. Kramer (author’s reply). — Mr. 
Comstock has raised a great many questions 
concerning this paper, some of which are quite 
important because they have a definite funda- 
mental bearing on the hardenability problem. 
The question of the use of add-soluble titanium 
instead of total titanium and the correlation 
of add-soluble titanium with hardenability 
arises from the difficulty in selecting a single 
parameter to express the hardenability of steels 
containing stable carbide-forming dements. 

The question is more involved than the 
distinction between osides and dissolved 
alloying dement, which was made by Crafts 
and Lamont for aluminum. In the latter case 
the effect of using add-soluble aluminum was 
simply to allow for the part of the aIlo3dng 
dement that was tied up as oxides or sulphides, 
which played no role in the hardenabilities 
of the steels. With titanium, the problem is 
more involved, since titanium forms stable 
carbides, which are present at the austenitizing 
temperatures. This ffict has been substantiated 
by Mr. Comstock himsdf in a paper presented 
before the American Sodety for Metals, 
entitled “Some Effects of Heat Treatment on 
Low AHoy Titanium Steels.” These titanium 

♦ Armour Research Foundation. 
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carbides act to lower tbe available titanium 
and carbon content of the steel and also act 
as nuclei for the transformation reaction on 
cooling. 


method is reliable and gives reproducible 
results. 

The amount of undissolved titanium carbides 
does not seem to be a simple function of the 



It therefore appears obvious that a single 
parameter cannot be used to express the 
hardenability factors of titanium steels in terms 
of chemical composition, since both the 
insoluble and soluble portions of titanium 
affect the hardenability in different ways. This 
same situation may very well apply to other 
alloying elements that form stable carbides; 
viz., chromium, molybdenum and vanadium, 
but much more work wiU have to be done 
before this problem is solved. 

The necessity for a chemical anal3rsis that 
can distinguish between titanium dissolved 
in the ferrite and combined titanium is there- 
fore obvious. We find that i :i HCl in water or 
i:i H2SO4 in water will dissolve uncombined 
titanium but will not affect titanium carbide 
if care is taken to eliminate oxidizing agents. 
A variation from to 4 hr. in the length of 
time during which the insoluble residue was 
digested in the add made no difference in the 
final determination. X-ray analysis of the 
residue showed the presence of TiC and a trace 
of Xi02. It is therefore believed that this 


final quenching temperature, especially in the 
vicinity of is5o®F., but it appears to be affected 
by the entire thernoial history of the sted. The 
end-quench hardenability bars heat-treated by 
Comstock were normalized at i65o°F. before 
quenching from isso^F. and probably con- 
tained less undissolved carbides than those 
heat-treated by the authors (Table 4). Our 
test bars were held for a total time of 6 hr. at 
iS5o®F., which probably resulted in a more 
complete predpitation of titanium carbides. 
We have had an opportunity to obtain data 
on the effect of normalizing treatment on steels 
GMO and GX. When end-quench hardenability 
bars of these steels were normalized at i6so°F. 
instead of i55o®F., the titanium factor of steel 
GMO was raised from 0.95 to i.o and that of 
steel GX from 0.80 to i.o. Therefore it is felt 
that the difference between the titanium 
carbide content of our steels and Comstock’s 
steels may very well explain the differences 
in the hardenability factors. 

It would be interesting to know the per- 
centage of TiC that was present in the steels 
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investigated by Mr. Comstock, so that the 
results could be compared on this basis. The 
supposition that the decrease in hardenability 
with increasing titanium content may be due 
to decarburization or oxidation of the titanium 
during the 12-hr. homogenization treatment 
does not seem reasonable, since the ingots 
of 3-in. diameter and not the test pieces were 
homogenized in a controlled atmosphere 
furnace. After forging to ij^-in. diameter, 
the rounds were normalized before machining 
into test specimens. As to the statement that 
low hardenability might be due to the carburi- 
zation of the test pieces, the specimens did not 
show any evidence of such carburization when 
examined under the microscope; in fact, the 
outer surface was very slightly decarburized. 

The authors agree with Mr. Comstock that 
the brevity of this paper may have caused some 
inconveniences. Although the statement was 
made on page 144 of the test that add-soluble 
titanium was determined and the caption of 
the titanium factor curve (Fig. 8) is so des- 
ignated, it should also have been noted in 
Table 2. The factor Fj. is, of course, the 
hardenability for the alloying element under 
study. Where the factor curve did not extra- 
polate to one for zero per cent alloying element, 
it was assumed that the undetermined alloying 
elements together gave a residual factor Fx. 
The factor Fx was divided into the factors 
Fa X Fx to obtain Fa- This procedure was 
based upon the assumption that the undeter- 
mined element remained constant in steels 
made from the same heat. 

Messrs. Brophy and Miller have raised 
three questions for the purpose of daiifying 
some of the inconsistencies in the hardenability 
factors as determined by the several investi- 
gators. Unfortunately, their curves in Fig, 20 
were based upon incorrectly reported values 
for Jominy distances in our Table 2. The cor- 
rections are as follows: 


Correction of Table 2 


Alloy 

Jominy 

Dmtance 

Ahoy 

Jominy 

Distance 

GBH 

0.31 

GBL 

0.62 

GBN 

0.68 

gb:c 

o.sS 

GBM 

0.58 

GCC 

1. 15 


The authors are indined to agree with the 
statements given by Mr. Crafts that for the 


most part the Jominy ideal critical diameter 
correlation curve proposed by Grossmann is 
correct. There has been, however, some 
evidence that the extreme lower end of the 
curve is too high. To correct this the authors 
have used a curve that was obtained by 
replotting the center portion of Grossmann’s 
curve on a logarithmic scale to obtain a linear 
curve and extrapolating the lower end of the 
curve (Fig. 22). 


Table 4. — Chemical Analysis of 
Titanium-hearing Steels 
Per Cent 


i 

Ste^ 

1 1 

Total 

Ti 

Add- 

soluble 

Ti 

TiO. 

Ti Com- 
bined as 
Carbide 
and/or 
Carbom- 
tride 

GMO 

0.08 

0.03 


0.05 

GMP 

0.16 

O.OS 


o.xi 

GMR 

0 17 

0.10 

0 003 

0.07 

GMS 

0 3 S 

0.16 

0 oil 

o.zS 


It is not at all surprising that the authors' 
calculated manganese factors do not agree 
with those recalculated by Messrs. Brophy 
and Miller using Grossmann’s factors for all 
elements except manganese as given in Table 3. 
The authors in their calculations used Gross- 
maim’s data for carbon, grain size, sulphur and 
phosphorus, as stated on page 140, and their 
own derived factors for the other elements 
present. 

The second source of inaccuracy referred to 
by Messrs. Brophy and Miller is in the choice 
of 50 per cent martensite on half-hardness as 
a criterion of hardenability. This we agree 
could be a possible source of error. However, 
for most steels used in this study, the Jominy 
curves dropped very sharply in the vicinity 
of the 50 per cent martensite zone. Error might 
be expected only when the transition from 
martensite to pearlite occurs over a consider- 
able range. The authors have tested some 30 
steels of varying carbon, nickd, titanium, 
chromium and molybdenum contents and have 
found that the 50 per cent martenate and 
half-hardness distances agree within ± 10 per 
cent. When the 50 per cent martenate zones 
were difficult to determine, it was felt that any 
disagreement in Jominy distance resulted from 
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inaccuracies of estimation rather than a real 
difference. Nevertheless, for high hardenability 
steel the choice of the proper hardenability 
parameter is still unanswered, for it must be 
remembered that Grossmann*s definition for 
hardenability was chosen because of its ease 
of measurement rather than because it was 
a fundamental hardenability parameter. A 
hardenability distance measured to a point 
consisting of 50 per cent martensite and 50 
per cent bainite certainly cannot be regarded 
as equivalent to a point consisting of 50 per 
cent martensite and 50 per cent ferrite plus 
pearlite. 

The authors were not aware that Gross- 
mann’s original h3^othesis required that the 


factor curves be linear, as stated by Messrs. 
Brophy and Miller. In fact, Grossmann^s 
factor curve for silicon and Craft^s factor curves 
for manganese and nickel were curvilinear. 
It appears that in most cases the points are 
represented by a linear function as well as by 
any other curve. Perhaps when more data are 
available the form of the curves will change. 

Mr. Junge’s question on the effect of pro- 
eutectoid ferrite on the correlation between 
carbon content and critical hardness is covered 
in the reply to Messrs. Brophy and Miller. 
The precipitation of proeutectoid ferrite is 
nearly always encountered in rolled or forged 
hypoeutectoid steels at the critical hardness 
zone. 



Effect of Some Elements on Hardenability 

By Walter Crafts,* Member A.LM.E., and John L. Lamont* 

(Chicago Meeting, October 1943) 


An investigation has been made of the 
multiplying factors for some of the more 
common alloying and deoxidizing elements 
for use in calculating hardenability of 
steel according to Grossmann’s method.^ 
The factors for manganese, silicon, and 
aluminum that were reported in an earlier 
communication^ have been confirmed by 
microscopic determination of the half- 
martensite structure rather than on the 
basis of an empirically determined hardness 
corresponding to a half-martensite struc- 
ture. Measurement of ideal critical diameter 
by microscopic examination was found to 
be necessary for other allo3dng elements, 
and multiplying factors for nickel, chro- 
mium, molybdenum, zirconium, vanadium, 
titanium, and boron have been determined. 
The nature and order of magnitude of the 
multiplying factors reflect the effect of 
the allo3ring elements on the structural 
character of the steel. Except for nickel 
and vanadium, the multiplying factors 
agree fairly well with previously published 
results. Good correlation between actual 
and calculated ideal critical diameters 
has been found in developing the mul- 
tiplying factors and in checking the results 
against fairly simple steels. However, some 
discrepancies have suggested the need for 
a more thorough study of low-carbon and 
complex steels. 

Testing Procedure 

The investigation was conducted prin- 
cipally on steels made at the Union Car- 

Manuscript received at tbe office of the 
Institute Oct. 8, 1943. Issued as T.P. 1657 in 
Metals Technology, January 19^ 

* Research Metallurgist, Union Carbide and 
Carbon Research Laboratories, Inc., Niagara 
Palls, N. Y. 

^ References are at the end of the paper. 


bide and Carbon Research Laboratories, 
Inc., in high-frequency induction furnaces 
using Armco iron and standard alloying 
materials. However, a few open-hearth 
steels were used in establishing the effect 
of nickel, and the hardenability factor 
for boron was based primarily on open- 
hearth steels. All bars were normalized 
prior to the machining of Jominy harden- 
ability specimens. The Jominy test was 
carried out under conditions standard 
for the test.® Austenitizing temperatures 
judged to be appropriate for the composi- 
tions of the steels were used. 

Chemical analysis was determined on a 
sample taken adjacent to the Jominy 
specimen. Residual amounts of phos- 
phorus, sulphur, nickel, chromium, molyb- 
denum, and copper were determined on 
only one heat of each group made with the 
same materials during the same period. 

Add-soluble’’ aluminum and zirconium 
rather than total amounts were determined, 
as it is considered probable that the add- 
soluble amount is more representative of 
the effective alloy. As tin was present to 
the extent of only 0.002 per cent, its effect 
was neglected. The method used to deter- 
mine boron in the steels shown in Table g* 
was developed by Galen Porter, Vincent 
Napoleon, and Thomas R. Cunningham, 
of the Union Carbide and Carbon Research 
Laboratories, Inc., and is a modification 
of J. Naftei’s procedure for boron in soils 


* Tables i to 9 have been deposited with the 
American Documentation Institute. To obtain 
them, write to the American Documentation 
Institute, Bibliofilm Service, 1719 N St., N. W., 
Washington, D. C., askiag for Document No. 
1804 and enclosing 50|£ for microfilm (images 
I in. high on standard 35-imn. motion-picture 
film) or Sz.50 for photostat (6 by 8 in.). 



EFFECT OF SOME ELEMENTS ON HAROENABILITY 


158 


and plants.** The procedure consists in 
dissolving the steel in phosphoric acid in 
a quartz flask equipped with a reflux 
condenser and subsequently separating 
the boron from the iron by cyclic distilla- 
tion with methyl alcohol, the determination 
being Anally completed colorimetrically 
in an electrophotometer. 

For the estimation of actual grain size, 
a flat along the length of the Jominy 
specimen, which had been prepared for 
hardness measurements, was polished for 
microscopic examination. Actual grain 
size was estimated in the martensitic 
area of the microstructure. For specimens 
in which the martensitic grains were not 
outlined by a secondary structure, Vilella’s® 
reagent (5 c.c. HCl and i gram picric acid 
in 100 c.c. ethyl alcohol) was used to 
develop the outlines of the prior austenite 
grains. 

To determine whether the hardness at 
50 per cent martensite for steels containing 
different alloys could be estimated with a 
fair degree of accuracy from the hardness 
levels shown in Fig- 29 in Grossmann’s 
paper, Jominy hardenability specimens of 
several different types of steel were sub- 
mitted to microscopic examination along 
the surface prepared for grain-size estima- 
tion. It was observed that the hardness at 
50 per cent martensite was influenced by 
alloying elements to a much greater degree 
than was indicated by Grossmann. The 
difference in hardness at 50 per cent mar- 
tensite appeared to be due lo the char- 
acter of the nonmartensitic part of the 
structure, the nature of which is deter- 
mined largely by the amount and t3rpe of 
allo3ring elements in the steel. In order, 
therefore, to determine hardenability fac- 
tors based on 50 per cent martensite, it 
appeared essential that all hardenability 
samples be submitted to microscopic 
examination for estimation of the depth 
at which 50 per cent martensite occurred. 
Since carbon and allo}^ appeared to have 
interrelated effects on the hardness of 


structures containing 50 per cent mar- 
tensite, no simple hardness relation could 
be established with respect to alloy 
content. 

In calculating the hardenability factors, 
the depth on the Jominy specimen cor- 
responding to the 50 per cent martensite 
structure was converted to ideal diameter 
by the relation given in Fig. 28 of Gross- 
mannas paper. In carrying out the neces- 
sary calculations, it was assumed that 
Grossmann’s factors for carbon, grain size, 
phosphorus, sulphur, and copper were 
correct. Using these factors and those 
determined experimentally, the ideal criti- 
cal diameter was calculated on the assump- 
tion that the elements shown accounted 
for all of the hardenability of the steel. 
The calculation was made according to the 
following formula: 

[Di (C and grain size)][i + / (% Mn)] 

[1 +/ (% Si)][etc.] « Di 

The multiplying factor for a given ele- 
ment was determined as the ratio between 
the experimentally determined ideal critical 
diameter and the ideal critical diameter 
calculated from the other components of 
the composition. 

Manganese 

The multiplying factor for manganese 
was determined from the steels described 
in Table i,* and is illustrated in Fig. i. 
The points fall reasonably close to a 
straight line up to 1.70 per cent manganese. 
The line shown is the same as that previ- 
ously determined* on the basis of “half 
hardness.” Above 1.70 per cent manganese 
the rate of increase of the factor with 
higher manganese is greater. For con- 
venience, the factor is shown as two 
straight lines rather than a curved line, 
but a curved line might represent the 
points equally well. The factor may be 
expressed as [i + (4.08) (% Mn)] up to 
1.70 per cent manganese, and as [i + 
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( 6 . 6 )(% Mn — o.ss)] above 1.70 per cent ness,”® and is consistent with the points 
manganese. established from microstructure. It was 




Silicon 

The multipljdng factor for silicon is 
based on the data in Table i and is shown 
in Fig. 2. The line is the same as that 
previously determined from “half hard- 


observed that this agreement is more or 
less fortuitous, as the hardness deter- 
mined at the points of half-martensite 
microstructure tended to be higher as the 
manganese increased and lower as the 
silicon increased. The greatest discrepancies 
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between half hardness derived from Fig. 29 
in Grossmann's paper^ and actual hardness 
at the point of half martensite would, 
therefore, be anticipated in high-man- 



Per cent Acid Soluble AlumlnnA 

Fig. 3. — Multiplying factor for acid- 

SOLUSLE ALUMIN UlC. 

ganese, low-silicon or high-silicon, low- 
manganese steels. Inasmuch *as the data 
would tolerate only a minor change, the 


found for half hardness, although a 
tendency was observed for the hardness 
of the half-martensite structure to be 
lowered by aluminum. The multipl3dng 
factor is represented by the expression 
[i + (0.93) (% Al)]. 

Nickel 

As shown in Fig. 4 and Table 3, the 
multiplying factor for nickel becomes 
relatively higher above 3.20 per cent nickel. 
As for manganese, the nickel factor is 
represented as two intersecting straight 
Knes rather than as a curved line, and may 
be expressed as [i -{- (0.74) (% Ni)] up to 
3.20 per cent nickel and as [i (i.s)(% 
Ni — 1.63)] above 3.20 per cent nickel. 
The relatively higher factor in high-nickel 
steels appears to be the result of a tendency 



Per cent Nickel 


Fig. 4. — ^Multiplying factor for nickel. 


previously established silicon factor was 
retained. It may be expressed as [i + 
(o.67)(% Si)]. 

Aluminum 

For aluminum, the multiplying factor, 
as shown in Fig. 3 and Table 2, based on 
half martensite, is also the same as that 


to eliininate pearlite and bainite in the 
incompletely hardened locations, so that 
the structures consist mainly of martensite 
and ferrite. 

This multiplying factor is somewhat 
higher than that suggested by Grossmann, 
and is of the same order as ^at shown by 
Edson.^ As in some of the steels containing 
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fairly large amounts of other alloys, it is 
somewhat difficult to establish the half- 
martensite point. In nickel steels, this is 
due in part to the acicular nature of the 


Chromium 

The multiplying factor for chromium is 
shown in Fig. 5. It was derived from the 
data given in Table 4. This chromium fac- 



Per cent Chrofflium 

Fig. 5. — Multiplying factor for chromium. 


ferrite and in part to heterogeneity. 
The more severely banded steels tend to 
have a lower factor but are within the 
range indicated by the points in Fig. 4. 


tor is in close agreement with the upper 
border of Grossmann’s chromium factor. 
However, no steels of relatively low hard- 
enability were found to substantiate the 




Per cent Uol^bdenum 


Fig. 6. — Muluplying factor for molybdenum. 


Nickel appears to raise the hardness of the shading indicated by Grossmann. The 
half-martensite structure slightly, but the chromium factor may be expressed as 
trend has not been observed consistently, fi + (2.i6)(% Cr)]. 
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The structures of partially hardened 
high-chromium steels contain low-tem- 
perature bainite, which is readily dis- 
tinguishable from martensite after a heavy 


the same order as that given by Gross- 
mann. The molybdenum steels were 
similar to those of the chromium series in 
that the presence of low-temperature 
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Fig. 8. — Miiltiplyeng factor for vanadium. 


etch. The hardness of half-martensite 
structures containing this relatively hard 
no n ma rtensitic structure is much higher 
than is indicated by the vertical “feathers ” 
in Fig. 29 of Grossmann’s paper. If Gross- 
mann’s half-hardness values are used as an 
index of hardenability, the curve of the 
apparent factor increases rapidly with 
higher chromium content in the same way 
as the multiplying factors shown for man- 
ganese and nickel. 

Molybdenum 

As shown in Fig. 6 and Table 5, the 
multiplying factor for molybdenum is of 


bainite caused a material increase in the 
hardness of the half-martensite structure 
The molybdenum factor may be expressed 
as [r + (2.S3)(% Mo)]. 

Like the chromium steels, the high- 
molybdenum steels did not give relatively 
low hardenability that would require 
shading of the multiplying factor. How- 
ever, as was indicated by Grossmann, some 
steels have been found to give lower hard- 
enability than that indicated by calcula- 
tion. The greatest discrepancies have been 
noted in steels containing less than 0.35 per 
cent carbon, particularly in those having 
a relatively large number of alloying ele- 
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ments. Examination of these steels has 
not suggested incomplete austenitization, 
as prolonged heating or relatively high 
quenching temperatures have not increased 


multiplying factor, as shown in Fig. 7 and 
Table 6. The factor is the same as that of 
molybdenum, and may be expressed as 
[i + ( 2 .S 3 )(% Zr)l 



Fig. 9. — Multeplycng pactor for titanium. 



0.002 O.OG 4 0.006 

Per cent Boron (Total) 

Fig. 10. — ^Multiplying factor for boron (total). 


the hardenability significantly. No satis- 
factory explanation of this behavior has 
been formulated, and it should be noted 
as a precaution that the hardenability 
factors developed in simple steels are not 
always realized in complex steels. 

Zirconmm 

Zirconium, like some other deoxidiz- 
ing’* elements, has a rdatively high 


YmoMum 

The vanadium multiplying factor, as 
shown in Fig. 8 and Table 7, was found to 
increase in proportion to the vanadium 
content up to about 0.25 per cent, and to 
decrease at higher amounts. This tendency 
to lower hardenability is presumed to be 
due to the limited solubility of vanadium 
carbide and corresponding depletion of the 
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effective carbon in the austenite. Samples 
of many of the steels shown in Table 7 
were quenched from 95o®C. (i742°F.) as 
well as from 85o®C. (i562°F.), but no 
significant differences in hardenability were 
observed. 

Although the factors are different, Gross- 
mann observed a similar tendency, but 


hardenability with increase of vanadium 
is much higher in Grossmann’s steel. 
This is notable, as it might be expected 
that up to the limit of solubility the 
vanadium that is in solid solution should 
give the same increase in hardenability 
regardless of the limit of carbide solubility. 
Inasmuch as both sets of steels gave the 



Fig. II. — Multiplying factors for manganese, nickel, chromium: and molybdenum 


found a maximum effect of about the same 
magnitude at 0.04 per cent vanadium 
after quenching from i5oo°F., and at about 
o.io per cent vanadium after quenching 
from i7So®F. It would appear that the 
limit of solubility of vanadium carbide 
in Grossmann's steel was greatly different 
from that found in this investigation. 
However, for small amounts of vanadium 
the multiplying factor or increment of 


same maximum increase in hardenability, 
it might be reasoned that the increment of 
hardenability due to vanadium resulted 
from the tendency toward carbide insolu- 
bility, possibly from concentration at the 
grain boundaries. Up to 0.25 per cent the 
vanadium factor may be represented by 
[i + (i.73)(% V)] but it is evident that 
additional work will be required to deter- 
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mine how the factor varies with steel 
composition or other qualities. 

Titamum 

The multipl3dng factor for titamum, 
given in Fig. 9 and Table 8, is similar to 
that of vanadium in that it reaches a 


affect hardenability, but the results suggest 
that the amount of inactive titanium is 
rather small. 

Boron 

Because of the unusual behavior of 
boron, the multipl3dng factor was based 



Fig. 12. — Multiplying factors for silicon, aluminum (acid-soluble), zirconium (acid- 

soluble), VANADIUM, TITANIUM AND BORON (tOTAL). 


maximum and then drops to lower values 
at higher titanium contents. It is possible 
that the maximum may shift in steels of 
other t3q)es. Up to o.ii per cent titanium 
the multipl3dng factor may be expressed 
as [i + (5.58) (% Ti)]. The factor is based 
on analytical determinations of total 
titanium in the steel. It is reasonable to 
expect that part of the titanium may be 
isolated in stable compounds that do not 


mainly on open-hearth steels. The open 
drdes in Fig. 10 represent open-hearth 
steels and the dosed circles represent 
induction-furnace laboratory heats. The 
boron was added either as ferroboron 
or as one of several complex addition 
alloys. All of the steels were made to have 
a fine inherent austenitic grain size except 
steel 195, which is not shown in Fig. 10. 
Ihis sted contained 0.0005 per cent boron 
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but had relatively low hardenability. 
This result confirms other experience with 
coarse-grained steels and serves to empha- 
size that the multiplying factor shown in 
Fig, lo is based on steels treated with 
sufficient deoxidizers to produce a fine 
inherent grain size as indicated by the 
McQuaid-Ehn test. 

The multipl3dng factor increases in 
proportion to the boron content up to 
1.76 at slightly less than 0.0010 per cent 
boron, and, as indicated by a limited 
number of experimental steels, the factor 
is maintained at that level up to at least 
about o 006 per cent boron. The mul- 
tiplying factor for boron up to slightly 
less than 0.0010 per cent may be expressed 
as [i + (790) (% B)]. It is presumed that 
the negligible effect of boron above 
0.001 per cent results from the formation of 
insoluble iron boride. Unlike vanadium 
and titanium, the boron compound does 
not appear to abstract a constituent that 
affects hardenability, like carbon, so that 
the hardenability is not reduced by higher 
boron contents 

The effect of boron on hardenability 
did not appear to be affected by the alloy 
composition of the steel or by the manner 
of addition, except as the recovery of 
boron was affected. Sufficiently accurate 
data on the proportion of boron recovered 
from the addition agents were not avail- 
able, so that representative figures cannot 
be given. It appeared, however, that the 
highest recoveries were obtained with 
complex addition agents containing vana- 
dium. The only significant observation 
of a specific influence due to the composi- 
tion of the steel was that the lower carbon 
steels (under 0.40 per cent carbon) tended 
to fall on the high side of the line and that 
higher carbon steels tended to give the 
lower results. 


Summary 

Hardenability multiplying factors for 
the calculation of ideal critical diameter 


according to Grossmann's principle have 
been found to be as follows: 


Elements 
^langanese (to 

1.7%) 

(Above 17%). 
Silicon 
Aluminum 
Nickel (to 3.2%) 
(Above 3.2%). 
Chromium . . 
Molybdenum 
Zirconium 
Vanadium (to 

0.25%) ■ 

Titanium (to 
0.11%). 

Boron (to o 001%) 


Multiplying Factor 

I 4 - (4.8) (% Mn) 

I + (6 o)(% Mn — o 55) 
I + (o 67)(% Si) 

I + (0.93) (% Al) 

I 4- (0.74) (% Ni) 

I + (i-5)(% Ni - I 63) 

I 4- (2. i 6)(% Cr) 

I + (2.S3 )(% Mo) 

I + (2.53) (% Zr) 

I + (i.73)(% V) 

I 4 - (5.58) (% Ti) 

I + (790) (% B) 


These factors are compared graphically 
in Figs. II and 12. It is of interest to note 
that the factors behave in a semiquantita- 
tive manner in proportion to the specific 
effect of the alloys on the constitution of 
steels. The austenite-forming elements, 
manganese and nickel, increase the factor 
in greater proportion as the amount is 
increased above a critical value. The 
magnitude of the respective factors, how- 
ever, is quite different. The nickel factor 
is of the same order as those of the other 
ferrite-soluble elements, silicon and alumi- 
num. The manganese factor, on the 
other hand, is similar to those of the car- 
bide-forming elements. It is notable that 
the elements usually classed as deoxidizers 
— titanium, vanadium, and zirconium — 
increase hardenability in about the same 
proportion as the carbide-forming elements 
chromium and molybdenum. The boron 
factor is of a wholly different order and 
apparently increases hardenability by a 
special mechanism. 

The consistent manner in which the 
alloys affect hardenability confirms strongly 
the validity of Grossmann's method of 
calculating ideal critical diameter. It should 
be emphasized, however, that the steels on 
which the factors are based are relatively 
simple types and that they are largely in 
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the range of 0.30 to 0.55 per cent carbon. 
Experience has shown that experimentally 
determined ideal critical diameter, espe- 
cially in low-carbon and complex alloy 
steels, may be only a fraction of the ideal 
critical diameter calculated from multiply- 
ing factors. These discrepancies have not 
been analyzed sufficiently to define accu- 
rately the types of steel in which they may 
be expected. 
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Effect of Several Variables on the Hardenability of High-carbon 

Steels 


By E. S. Rowland,* Junior Member, J. Welchner,* Member A.I.M.E., and R. H. Marshall* 

(New York Meeting, February 1944) 


This paper presents results on an exten- 
sion into the realm of high-carbon steels 
of some work recently published^ on the 
effects of time at temperature, quenching 
temperature and prior structure on the 
hardenability of one 0.20 and four 0.40 
per cent carbon alloy steels. It was shown 
at that time that unless the conditions of 
time, temperature and prior structure are 
substantially the same in performing the 
hardenability test as in conducting harden- 
ing of parts in production, the correlation 
of hardenability information with the 


the quantitative variations produced on 
the hardenability of commercial high- 
carbon steels by changes in these factors 
of time, temperature and prior structure. 

Procedure 

A plain carbon hypereutectoid steel, 
S.A.E. $2100 and Graph-Mo, a molyb- 
denum-bearing high-carbon steel contain- 
ing some graphite, were chosen for this 
investigation. The chemical analyses of 
these electric-furnace steels are given in 
Table i. 


Table i. — Chemical Analyses 
Per Cent 


Code 

Type 

C 

Gr, C 

Mn 

P 

S 

Si 

Cr 

Ni 

Mo 

A 

Plain C 

1.03 


0 . 3 S 

0 018 

0 017 

in 

0 IS 

0 18 

0 03 

B 

53100 

I 01 


0 34 

0 021 

0 015 


I 44 

0 36 

0 02 

C 

Graph-Mo 

1.47 

0 20 

0 39 

0 017 

0 018 

■B 

0 10 

0 IS 

0 24 


hardness and properties of production 
parts is often not of satisfactory accuracy. 

The general effects of these variables 
on the austenitic grain size, distribution 
of excess carbides and critical cooling 
rate have been known for many years 
and one or more have been investigated 
by Shepherd,^*® Davenport and Bain,^ 
Digges,®*® Digges and Jordan,^ Post and 
associates® and Roberts and Mehl,® to 
mention only a few. There has been no 
systematic investigation, however, into 


Manuscript received at the office of the Insti- 
tute Nov. I, 1943. Issued as T.P. 1663 in 
Metals Technology, January 1944. 

* The authors are associated with the Metal- 
lurgical Department, Steel and Tube Division, 
The Timken Roller Bearing Co., Canton, Ohio. 


The procedure used was exactly that 
reported previously,^ hence the details 
will not be repeated here. Normalized 
(i65o°F.) and spheroidized prior structures 
were utilized on all steels with hot-rolled 
and quenched (i6oo°F. oil) prior conditions 
added for the plain carbon steel. The 
end-quench test developed by Jominy^® 
was selected for use in this investigation 
and, with the noted exceptions, the 
American Society for Testing Materials 
standard procedure was followed. 

The effect of time at temperature was 
examined at intervals of o, 10 and 40 min. 
and 4 hr., and a few i6-hr. tests were run. 
Salt-bath heating of the specimens was 
employed to control and minimize the 

1 References are at the end of the paper. 
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time necessary to reach temperature, a 
value previously determined to be 6 min. 
Quenching temperatures selected were 
i45o®F. for steel A, iS5o®F. for steel B 
and i5oo°F. for steel C. 

The influence of varying quenching 
temperature on the hardenability of all 
three steels was investigated in 5o°F. 
increments from 1450° to i7oo®F. The 
specimens were heated in a Hump furnace, 
using closed-end metal tubes and spent car- 
burizing compound for protection against 
decarburization. A constant time at tem- 
perature of 40 min. was maintained for 
all temperatures, after allowing the neces- 
sary time for the specimens to reach 
temperature (20 min.). 

Shepherd fracture grain-size values were 
obtained on separate specimens after 
all conditions of testing (Table 2). All 
specimens were examined microscopically 
for decarburization and the effect found 
to be negligible up to 4 hr. in time and 
i65o®F. in temperature. At and beyond 
these values, the maximum depth of visible 
carbon depletion was sufficiently close to 
the 0.015-in. depth of flat for hardness 
determination that 0.030-in. depths were 
used. Separate tests without appreciable 
decarburization proved that results at 
these two depths were identical. All 
conditions were run in duplicate and the 
four sets of readings averaged. Results 
were not accepted unless all four readings 
for a given bar position were within 2 
points Rockwell C. AU hardenability 
curves were so drawn that the curve itself 
did not deviate from the plotted averages 
by more than i point Rockwell C. 

Presentation oe Resitlts 

An analysis of all the hardenability 
data presented indicates that the repro- 
ducibility of results — ^that is, the experi- 
mental error — ^is not greater than H2 iJi- 
at 60 Rockwell C or 0.020 in. at the 50 per 
cent martensite point. Hence, variations 
in hardenability equal to or greater than 


these values will be considered as actual 
changes rather than due to errors in 
manipulation. 

Sted A 

The hardenability curves for this steel 
in four prior structures with time at 
temperature as a variable are shown in 
Fig. I. Comparable information on the 
effect of temperature from spheroidized 
and normalized prior conditions is given 
in Fig. 2. An expected increase in harden- 
ability with increase in both time and 
temperature is evident. As a means of 
more accurately assessing these results, 
the longitudinal flats on the specimens 
were polished, etched and the distance to 
50 per cent martensite measured with a 
Brinell glass. The results for the time and 
temperature variables are shown in Figs. 
3 and 4, respectively, and are substantially 
more accurate than measurements on the 
curves for such a shallow hardening steel. 
Note that the spheroidized prior structure 
produces a higher hardenability than the 
other three prior conditions at all time 
intervals (Fig. 3). With variation in 
quenching temperature (Fig. 4), however, 
the effects of the two prior structures 
also vary with temperature. Below about 
i 525®F., the spheroidized condition at 40 
min. produces the higher hardenability but 
above this temperature the normalized has 
the greater value, except at i7oo®F. where 
they again meet. 

As a check on this method of testing, 
cylinders of i-in. diameter were quenched 
in a brine spray and the depth to 50 per 
cent martensite was measured by the 
procedure reported by Barrow and Soler.^^ 
The data obtained under identical steel 
conditions with time as a variable are 
shown in Fig. 5 and illustrate the much 
superior sensitivity of the cylinder method 
over the end-quench test on such an 
extremely shallow hardening steel. Com- 
parison of the curves of Figs. 3 and 5 
shows, however, that the results are 
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definitely comparable and if accurate utilizing depth to 50 per cent martensite 
measurements of depth are made on the as a criterion of hardenabili ty were ob- 



end-quenched bar, a satisfactory inter- tained by the Brinell glass method. From 
pretation of such data can be made, a practical heat-treating standpoint, the 
The end-quenched results presented herein hardenability variations shown for the 
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Fig. 2. — Effect of quenching temperature on hardenabioty of steel A after 40 minutes 

AT temperature. 
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Fig. 3. — Composite effect of time and prior structure on hardenabhity of steel A. 
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Fig. 4. — Composite effect of temperature and prior structure on harden ability of 

steel a. 
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Fig. 5. — Composite effect of time and prior structure on hardenability of steel A by 

CYLINDER METHOD. 
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I per cent carbon tool steel indicate clearly between production and test results would 
the necessity for control of the variables seem to require substantially equal condi- 
considered. The increase with time from a tions in the steel just prior to quenching. 



Fig. 8. — Composite efpect or time and prior structure on hardenability of steel B. 


spheroidized prior condition is particularly 
important since the variation over a 
40-min. interval is 0.120 in. (Fig. 5), a 
seemingly small change but an important 
one in many production applications. 

Sted B 

The effects of time and temperature for 
this analysis from both spheroidized and 
normalized prior structures are shown in 
Figs. 6 and 7, respectively, and the results 
are summarized, based on depth to 60 
Rockwell C, in Figs. 8 and 9. Here again 
a continuous and expected increase in 
hardenabDity obtains with increase in 
both time and temperature but the per- 
centage increase is very much greater 
than for the plain carbon steel. 

With time as a variable, the normalized 
prior structure produces a higher harden- 
ability up to about 40 min. at temperature, 
beyond which the spheroidized condition 
assumes superiority (Fig. 8). With varia- 
tion in quenching temperature (Fig. 9), 
the spheroidized prior structure results in 
slightly higher hardenability except at the 
extreme values. These variations appear 
important from a practical standpoint, 
particularly the effect of time, since 
S.A.E. 52100 is normally production 
hardened from a spheroidized prior condi- 
tion in continuous furnaces utilizing quite 
short times at temperature. Correlation 


StedC 

The curves showing the effect of time 
at quenching temperature on the harden- 
ability of steel C are given in Fig. 10 and 
those depicting the effect of quenching 
temperature in Fig. ii In this case again, 
the hardenability is sufficiently low so 
that the depth to 50 per cent martensite 
is a more accurate indication of the very 
small hardenability variations. Conse- 



Fig. 9. — Composite effect of temper- 
ature AND PRIOR STRUCTURE ON HARDEN- 
ABILITY OF STEEL B. 


quently, the summarizing curves for time 
and temperature (Figs. 12 and 13) are 
plotted on this basis. It is apparent that 
the hardenability variation with time is 
negligible from both prior structures and 
the total variation due to quenching 
temperature only slightly exceeds the 
experimental error. 

Discussion of Results 

It must be stated at this point that the 
authors are more concerned with the 
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practical implications of the results pre- 
sented above than in obtaining a satis- 
factory theoretical explanation for all 
the changes in hardenability produced by 


known and accounts for the higher harden- 
ability of steel B at short heating times 
resulting from normalized as compared with 
spheroidized prior structures, even though 
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Fig 12. — Composite eppp:cts of time and prior structure on hardenability of steel C 
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Fig. 13, — Composite effects of temperature and prior structure on harden abiuty of 

STEEL C. 


the variables mentioned. Some observa- 
tions have been made in the course of this 
investigation, however, which throw some 
light upon the causes of these changes. 
Considerable additional experimental work 
is admittedly necessary for a thorough 
scientific explanation. 

In a given high-carbon steel, it is believed 
that four factors control the hardenability 
obtained imder a given set of conditions: 

(1) rate of carbon solution in the austenite, 

(2) concentration gradients of alloying 
elements, (3) grain size at the instant of 
quenching and (4) the exact number and 
distribution of nucleating carbides. All 
of these factors are interrelated and 
impossible of complete separation with 
the data at hand. 

The faster rate of carbon solution from a 
fine lamellar prior structure, due to its 
high ratio of area to volume, is well 


the grain size is slightly coarser from the 
latter condition. With alloy carbides 
present, the greater resistance of these 
carbides toward solution causes this 
difference to persist for an appreciable 
time period (Fig. 8) while in steel A (Fig. 5) 
the solution rate from both prior structures 
is so rapid that the effect is overshadowed 
by other factors. 

The part played by ahoy concentration 
gradients in the austenite in limiting the 
hardenability is difficult to assess in these 
steels. Roberts and Mehl® considered the 
effect of carbon concentration gradients 
on hardenability to be negligible. In 
previous work on lower carbon alloy steels,^ 
it was shown, however, that hardenability 
increased with increasing time long after 
visible carbide had disappeared. It was 
presumed that this condition was caused by 
decrease in concentration gradients of 
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alloying elements in the austenite, and 
this reasoning extended to the present 
steels. 

The factors of grain size and carbide 
nuclei must be considered together, since 
they are so closely interdependent. In- 
crease in carbon solution brought about 
by increase in either time or temperature 
destroys carbide nuclei in the austenite. 
Such changes are almost universally 
accompanied by an increase in grain size, 
and one is tempted to conclude without 
direct experimental evidence that increase 
in grain size is the result of destruction of 
carbide nuclei. The very fact that differ- 
ences in grain size exist as a result of 
heating from different prior structures 
supports the view that grain size is con- 
trolled by the nucleation existing in the 
austenite. 


in steel B after the lo-min. time period from 
annealed and normalized prior structures, 
respectively. Figs. 16 and 17 reveal the 
changes in carbide condition after the 
4-hr. time period. The greater loss of 
carbides from the annealed prior structure 
over this time interval is clearly evident, 
as well as the fact that the annealed shows 
definitely more carbide at 10 min. and 
slightly less at 4 hr. than the corresponding 
structures resulting from the normalized 
prior state. Beyond the short time period 
in which the effect of rate of carbon solution 
is the controlling factor, these changes in 
visible carbide condition very closely 
parallel the variations in grain size and 
hardenability. The hardenability differ- 
ences produced by normalized and annealed 
prior structures at all time intervals are 
admittedly small, but the 40-min. time 


Table 2. — Fracture Grain Size 



In an attempt to evaluate the carbide 
nucleation conditions in the austenite 
just prior to quenching, the longitudinal 
flats of all end-quenched specimens were 
polished, etched and examined micro- 
scopically for relative number of visible 
carbides in the quenched structure. With- 
out exception, it was found that in a given 
steel the prior structure that exhibited 
the higher hardenability under the same 
conditions of test contained fewer visible 
carbides in the quenched microstructure. 
Figs. 14 and 15 show the carbide condition 


period was repeated on five heats of 
S.A.E. 52100 steel and, in every case, the 
annealed prior structure produced slightly 
higher hardenability and fewer carbides 
in the quenched microstructure. 

Figs. 18 and 19 reveal the structures 
produced by 40 min. at i4So°F. for steel A 
from annealed and normalized prior struc- 
tures, respectively. Analogous results, 
using a i6oo°F. quenching temperature, 
are shown in Figs. 20 and 21. The reversal 
in carbide content with increase in tem- 
perature is coincident with the harden- 
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ability reversal (Fig 4) and follows The foregoing are merely examples ot 
the grain-size variation extremely closely the general observation that changes in 
(Table 2). visible carbide content with variation in 

Finally, the much larger and still the conditions studied closely parallel 



Figs. 14-17. — Steel B. X 1000. 

Fig. 14. Ten minutes at iSSo°F. from annealed condition. 

Fig, 15. Ten minutes at iS5o®F. from normalized condition. 

Fig. 16. Four hours at i5So®F. from annealed condition. 

Fig. 17. Four hours at iS5o®F from normalized condition. 

numerous carbides in the quenched struc- both the hardenability and grain-size 

tures of steel C after 4 hr. at temperature variation. The conclusion is almost ines- 

from the annealed state and after 40 min. capable that some definite relationship 

at i7oo°F. from the normalized condition exists between the number and distribution 

are shown in Figs. 22 and 23. This analysis of visible carbides and the corresponding 

showed little discernible variation in number and distribution of submicroscopic 

carbide content over the range of condi- carbide particles that actually act as 

tions studied, a parallel and surprisingly nuclei for austenite decomposition on 

small grain-size variation and no significant quenching. This generalization apparently 

hardenability change. does not extend to different analyses but 
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Figs. 1&-21. — Steel A. X 1000. 

Fig. 18. Forty minutes at i45o®F. from annealed condition 
Fig. 19. Forty minutes at i4So®F. from normalized condition 
Fig. 20. Forty minutes at i6oo°F. from annealed condition. 
Fig, 21. Forty minutes at i6oo®F. from normalized condition. 

Figs. 22-23. — Steel C. X 1000. 

Fig. 22. Four hours at i5oo®F. from annealed condition. 

Fig. 23. Forty minutes at i7oo®F. from normalized condition. 
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does seem to be valid in a given type of 
steel. 

Summary and Conclusions 

The effects of time at temperature from 
zero minutes to 4 hr. and quenching 
temperatures from 1450® to i7oo°F. on the 
end-quenched hardenability values were 
determined from both normalized and 
spheroidized prior structures. As a result 
of this work, the following general con- 
clusions were reached: 

1. From a practical heat-treating stand- 
point, it appears advisable to adjust the 
factors of time, temperature and prior 
structure in performing the hardenability 
test to those used in production treating of 
parts in order that the test information 
may be accurately applied. The exception 
seems to be those steels of such high carbon 
content that excessive carbide nucleation 
renders them insensitive to the variables 
considered. 

2. The hardenability changes produced 
in a given analysis by variation in time, 
temperature and prior structure are pre- 
dictable from a knowledge of the rate of 
carbon solution from the prior structure 
used, the grain size and the number and 
distribution of nucleating carbides. The 
additional factor of concentration gra- 
dients of alloying elements is probably of 
minor importance. 

3. Microscopic evidence is presented to 
show that a definite relationship exists 
between the number and distribution of 
visible carbides in the quenched micro- 
structure of a given hypereutectoid steel 
and the hardenability result, in that the 
conditions that produced the higher harden- 
ability also caused fewer visible carbides 
in the microstructure. Such evidence 
points to the existence of a definite relation- 
ship in a given steel between the number 
and distribution of visible carbides and the 
corresponding number and distribution of 
submicroscopic carbides that may actually 
act as nuclei for austenite decomposition 
on quenching. 
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DISCUSSION 
{Walter Crafts presiding 

E. S. Davenport* and R L. Rickett,* 
Kearny, N. J. — One very interesting feature 
of this paper is the shape of the end-quench 
hardenability curves for S.A.E. 52100 shown 
in Figs. 6 and 7. Most of these curves exhibit 
a “shelf” or “hump” beginning to i in. 
from the quenched end of the spedmen. We 
obtained a somewhat similar curve for NE 
9650 and find that the rather unusual shape 
of this curve can be explained on the basis of 
the isothermal transformation diagram for this 
steel. It is very likely, we believe, that a similar 
relationship exists between the end-quench 
curves for S A.E. 52100 and its isothermal 
transformation characteristics, even though the 
microstructure of this steel will be somewhat 
different from that of NE 9650. 

The end-quench curve for NE 9650 is shown 
in Figure 24, in which the “shelf” begins about 
I 6 in. from the quenched end. The isothermal 
transformation diagram for this steel is given 
in Fig. 25. The variation in hardness of the 
transformation product with decreasing tem- 
perature should be noted; upon isothermal 
transformation in the “intermediate” tempera- 
ture range around 9oo®F. a softer product is 
formed than when transformation takes place 
at either a slightly higher or somewhat lower 
temperature. This anomalous drop in hardness 
is associated, in this steel, with the marked 


* Research Laboratory, U. S. Steel Corpora- 
tion. 
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change in microstructure shown in Fig. 26. the region represented by the left-hand portion 
The isothermal transformation diagrams of a of the transformation diagram fFig. 2). At B, 
number of other steels, including S A.E. 52100, the amount of this intermediate-temperature 
show a drop in hardness in the intermediate product is greater, and it is more “open” in 


C’048 Mn-/30 Sh059 Cr-054 Nf-006 Mo-OO! Zr-Q025 

AUSTENITIZED AT I525\ GRAIN SIZE 9 



TIME -seconds 

Fig. 25. — ^Isothermal transformation diagram NE 9650. 


temperature range similar to that of NE 9650; structure, hence softer; fine pearlite begins to 
hence it is to be expected that the end-quench appear at this point in the bar. From B to C 
curves of at least some of them should be like the intermediate-temperature transformation 
that of NE 9650. product decreases in amount, while fine 

Metallographic examination of the NE 9650 pearlite, which is harder, increases. The soften- 

end-quench specimen revealed the microstruc- ing from C to D is caused by a marked increase 

tures that would be expected on the basis of the in amount of pearlite and decrease in marten- 

indications of the isothermal transformation site as the cooling rate of the specimen becomes 

diagram. Referring again to our Fig. 24, the slower, and transformation, consequently, 

microstructure at A consists of martensite and takes place at higher temperatures. Martensite 

an intermediate-temperature transformation disappears completely at approximately the 
product, the latter formed on cooling through point marked D, In Fig. 25, lines 5 , C, and D 
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are drawn to represent schematically the cool- 
ing rate-transformation relationships for the 
corresponding points in Fig 24. These lines 
are not, however, the actual cooling curves for 


E. S Rowland, J. Welchner and R. H. 
Marshall (authors* reply) — The explanation 
given for the '‘shelf** or "hump** in some of 
the S A.E 52100 curves is indeed interesting 



a h c 

Fio. 26. — Products of isothermal transformation in NE 9650. X 2000 
a. iooo®F., R C 36 h. goo^F., R C.31. c, 8oo®F., R C.36. 


these points on the end-quench specimen; such 
actual coohng curves would have to be super- 
imposed on a cooling transformation diagram 
rather than on an isothermal transformation 
diagram, in order to represent quantitatively 
the transformation that actually occurs on 
cooling. 

Another feature of the authors* end-quench 
curves for S.A.E. 52100, shown in Fig 7, is 
of interest. As the austenitizing temperature 
increases, the hardness at the quenched end of 
the bar increases to a maximum and then 
decreases. The initial increase in hardness is to 
be expected because of the greater amount of 
carbon taken into the austenite solid solution 
as the temperature increases. The drop in 
hardness on quenching from still higher tem- 
peratures suggests an increase in the amount of 
austenite retained at room temperature Do 
the authors have any evidence to indicate that 
this is true? 


and most plausible. Enough similarity appears 
to exist between the NE 9650 and the S.A E 
52100 isothermal transformation curves to 
warrant drawing a parallel in their behav- 
ior during end-quenching. Lessening of the 
“hump** intensity with increasing quenching 
temperature once the maximum effect is dis- 
played also can be attributed to the change in 
the isothermal transformation diagram, as 
progressively more carbon is taken into solu- 
tion at the austenitizing temperature. 

The interpretation suggested by Davenport 
and Rickett for the lowering of the quenched- 
end hardnesses of the S.A.E. 52100 curves 
with increasing quenching temperature beyond 
i6oo®F is supported by a microscopic exam- 
ination of the specimens. This steel, as well 
as steel C, shows an increasing amount of 
retained austenite as the austenitizing tem- 
perature is raised. 


Influence of Hydrogen on Mechanical Properties of Some 
Low-carbon Manganese-iron Alloys and on 
Hadfield Manganese Steel 

By Herbert H. Uhug,* Member A.I.M.E. 

(New York Meeting. February 1944) 


Although the mechanical properties of 
high-carbon manganese-iron alloys, par- 
ticularly the Hadfield manganese steels, 
have been established, the literature dis- 
closes discrepancies in the reported prop- 
erties for the low-carbon alloys. Hadfield*® 
summarized the existing data up to 1927, 
including the investigations of Guillet, 
Arnold, Strauss, Burgess and Aston, and 
reported his own values for alloys contain- 
ing for the most part from 0.06 to 0.15 per 
cent carbon. He noted: 

From these comparisons it will be seen that 
while there is a broad and general agreement 
as to the character of the alloys at the different 
manganese percentages, there are disparities 
in individual cases, especially as regards the 
degree of toughness or brittleness displayed by 
an alloy with certain percentages and with 
particular t3rpes of treatment. These differ- 
ences are not always readily explainable.^ 

His data showed that alloys containing 
4 to 10 per cent manganese water-quenched 
from iooo®C. were brittle and hard with 
maximum brittleness at about 7 per cent. 
Slight improvement in ductility was ob- 
tained with compositions from 10 to 17 per 
cent manganese. Alloys containing up to 
17 per cent manganese slowly cooled rather 
t^n quenched from 87o°C., he found, were 
slightly improved in ductility with sig- 
nificant improvement in alloys analyzing 
4.1 and 4.8 per cent manganese. 

Manuscript received at the office of the 
Institute Nov. 27, 1943. Issued as T.P. 1701 in 
Metals Technology, June 1944. 

* Research Metallurgist, General Electric 
Co.. Schenectady, N. Y. 

1 References are at the end of the paper. 


Recently Walters, Kramer and Loring® 
reported mechanical properties for alloys 
made up from electrolytic manganese and 
ingot iron and containing from 0.02 to 0.04 
per cent carbon. They showed that a tem- 
pering treatment at 540®C. (iooo°F.) for 
one hour significantly improved the duc- 
tility of compositions ranging from 6.7 to 
20.7 per cent manganese. The differences of 
these compared with Hadfield's results they 
considered to originate in this tempering 
treatment plus the fact that Hadfield's 
alloys contained higher carbon and phos- 
phorus (0.06 to 0.15 per cent C, 0.06 to 0.07 
per cent P compared with 0.02 to 0.04 per 
cent C, <0.001 per cent P). 

In this paper it is shown that of the low- 
carbon alloys (0.02 to 0.03 per cent) con- 
taining from 3.3 to 21.5 per cent manganese 
moderately or rapidly quenched from 
iooo®C. some are brittle or ductile, depend- 
ing on presence or absence of hydrogen. 
Hydrogen is readily absorbed at high 
temperatures, and much of it is retained 
when the allo3rs are cooled to room temper- 
ature. The presence of hydrogen in the 
range of composition from 10 to 18 per cent 
manganese is a major factor in determining 
relative ductility. At 22 per cent manga- 
nese, and also at compositions below 10 per 
cent manganese, factors other than or in 
addition to hydrogen play a role. These are 
discussed. Also data are presented to show 
that hydrogen absorbed by the high-carbon 
alloys of Hadfield composition is without 
effect on their mechanical properties. 
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Preparation of Alloys and Test 
Specimens 

All low-carbon melts were made in a 
lo-lb. basic-lined induction furnace using 
electrolytic manganese and hydrogen-fired 
electrolytic iron. These were poured into 
steel molds, except melt loB, which was 
cast in sand. No silicon or other deoxidizer 
was added. The i-in. diameter ingots were 
homogenized in air at io5o®C. for i to 2 hr., 
swaged to slightly over in., annealed in 
air at io5o°C. for one hour, then machined. 
The supplier’s anal3^es of the electrolytic 
materials showed all impurities to be very 
low. The allo3rs can be considered, there- 
fore, representative of relatively pure 
manganese-iron alloys. The Hadfield steels 
were of commercial origin. Chemical analy- 
ses are given in Table i. 


Table i. — Analyses of Manganese-iron 
Alloys 


Specimen 

Mn, 

Per Cent 

Per Cent 

Electrolytic iron 1 

0 o« 

0 oos» 

AUoys 

3 3 

0 02 

Alloy 6 . 

6 3 

0 02 

Alloy?. . ... 

7 4 

0 03 

Alloy ioA ... 

9 9 

0 02 

Alloy loB . . 

10 3 

0 02 

Alloy 12 . . 

II 6 

0.02 

Alloy 14 

14 0 

0.02 

Alloy 18 

17 6 

0 02 

Alloy 22 

21 s 

0 02 


Commercial Hadtteld Manganese Steels 


Alloy A 

13 4 

0 75 

Ni 

3 0 

Alloy B 

13 7 

I 34 



" Supplier's analysis. 


The tensile specimens, 0.406-cm. (0.160- 
in.) diameter and 2.0-cm. (0.8-in.) gauge 
length, were machined from the annealed 
j^-in. rods. They were cleaned in boiling 
benzene and heat-treated in quartz tubes, 
either continually evacuated or containing 
slowly flowing hydrogen or nitrogen. The 
vacuum was produced by a Cenco Megavac 
pump. The hydrogen atmosphere was 
obtained using electrolytic hydrogen puri- 


fied by passing over caustic soda, soda lime, 
and hot copper and finally was dried em- 
plo3dng P2O6 and liquid air. Nitrogen when 
used was similarly purified. Specimens were 
cooled by water immersing the quartz tube 
in which they were contained, but without 
disturbing the gas atmosphere or vacuum 
inside the tube. This was preceded by a 
short air blast to lower the temperature of 
the quartz wall before immersion in water. 
All specimens after treatment were metallic 
bright except the vacuum- treated speci- 
mens, which usually acquired a superficial 
oxide film. 

Temperatures given were automatically 
maintained within ±3®C. (±S°F.) using 
Chromel-Alumel thermocouples in con- 
junction with photocell-potentiometric con- 
trollers. Absolute temperatures were based 
on frequent calibrations using an auxiliary 
platinum-rhodium thermocouple. 

The small-size tensile specimens made 
possible a greater number of tests with the 
same material and facilitated heat-treat- 
ment. Comparisons of the o.i6o-in. diam- 
eter with the standard specimen, o.5os-in. 
diameter and 2-in. gauge length, machined 
from both mild steel and a commercial 18-8, 
showed that properties obtained using the 
small size were comparable with those 
characteristic of the standard-size speci- 
mens. The order of differences expected for 
the manganese-iron alloys as effected by 
alpha and gamma phase can be estimated 
from data given in Table 2. 

Effect of Furnace Atmosphere on 

Ductility of 14 Per Cent Manga- 
nese Alloy 

Heating in hydrogen compared with 
heating in vacuum had a striking effect on 
the ductility of some of the allojrs. In Fig. i 
are shown two tensile specimens of low- 
carbon 14 per cent manganese iron. Both 
were treated simultaneously in hydrogen at 
1000® C. (i 830®F.) for 3 hr., followed by 
vacuum treatment at iooo°C. (i83o°F.) 
for one hour. Specimen h was heated an 



HERBERT H. UHLIG 


l8^ 


additional 15 min. in hydrogen at iooo®C. 
(i83o®F.) before the mechanical test. 
Despite similar heat-treatment, differences 
in elongation and reduction of area are 


Hydrogen-treated 14 per cent manga- 
nese-iron alloys, subsequently heated in air 
instead of in vacuum at iooo®C. (i830®F.) 
were ductile though oxidized, illustrating 





Fig I. — Effect of hydrogen treatment on ductility op 14 per cent ^ianganese-iron alloy. 
a. Quenched from iooo®C. in vacuum. 
h . Quenched from 1000® C. in hydrogen 


marked and arise because of the presence of 
hydrogen in one case and approximate 
absence in the other. Preliminary gas 
analyses of similar specimens showed that 
specimen h contains about 40 times more 
hydrogen than specimen a. Rate of cool- 
ing within a wide range did not alter 
the results. Specimens, for example, taken 
directly from (i) a hydrogen atmos- 
phere at iooo°C. (i830°F.) or (2) an air 
atmosphere at iooo®C. (i83o®F.), and 
rapidly quenched in water were respec- 
tively brittle in the first case and ductile in 
the second. Parallel water quenches of mild- 
steel specimens (0.18 per cent C) of the 
same size, on the other hand, produced 
martensite and were equally brittle whether 
heated previously in vacuum or hydrogen. 
A slower quench of the same steel in a 
quartz tube, as described for manganese- 
iron specimens, produced specimens equally 
ductile whether heated beforehand in 
hydrogen or vacuum. With larger mild- 
steel specimens, the effect of heating in 
hydrogen would be detected by reduced 
ductility,® but the fact that embrittlement 
occurs in specimens of manganese-iron 
alloys 0.406 cm. (0.160 in.") in diameter, 
but not in 0.18 per cent C steel specimens 
of the same size, indicates how much more 
pronounced is hydrogen embrittlement in 
some of the manganese-iron series. 


that hydrogen can rapidly escape despite 
an oxide coat. However, alloys heated in 
hydrogen at iooo®C. (i83o®F.), then air- 
cooled in a ioo°C. (2io®F.) oven, were 
brittle, indicating that within this shorter 
time of cooling not sufficient hydrogen had 

Table 2 . — Effect of Size of Tensile Specimens 
on Mechanical Properties 
Values Averaged for Two Specimens 


specimen Di- 
mensions, In. 

j 

^Tensile 

0.2 % 
Yield 
Strength, 
Lb per 
Sq. In 

X 10-8 

Elonga- 

tion, 

Per 

Cent 

Reduc- 
tion of 
Area, 
Per 
Cent 

1 

Diam- 

eter 

Gauge 

Length 

Strength, 
Lb per 
Sq. In. 
X 10-5 

Mild Steel o.iS Per Cent C. 

0 160 

0 8 

53 4 

43 3 

41 

71 

0 S05 

2.0 

54 0 

36 4 

45 

68 S 


18-8 (17 3 Cr, 9 s Ni, 0 

10 C) 


0 160 

0 8 

95 9 

45 6 

73 

80 

0 SOS 

2 0 

91 3 

39 5 

64 

74 


escaped to avoid embrittlement. Hydrogen- 
treated specimens, heated subsequently in 
purified nitrogen at iooo°C. (i830®F.) for 
15 min. to 5 hr. were ductile and did not 
significantly differ in properties compared 
with those treated in vacuum. 

Specimens of manganese-iron alloys rang- 
ing from 12 to 22 per cent manganese 
treated in hydrogen at iooo°C. (i83o®F.) 
remained brittle for at least 4 months when 
kept at room temperature. This was the 
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O— HEATED 1000® C, 2 HR 



Fig. 2. — Effect of hydrogen, vacuum and tempering treatments on reduction of area 
OF low-carbon manganese-iron alloys 


— O HEATED 1000*0, 2 HR 

□ PLUS VAC, 1000® C, I HR 



Fig. 3. — Effect of hydrogen, vacuum and tempering treatments on elongation of low- 

CARBON^ANGANESE-IRON ALLOYS. 
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maximum period of aging over which speci- 
mens were tested. Indications are that they 
remain brittle for a still longer period. 
Treatment at as low a temperature as 
2i4®C. (4I5°F.) for 15 hr. in air, however, 
was found to restore ductility to a 14 per 
cent manganese-iron specimen previously 
heated in hydrogen at iooo°C. The values 
for reduction of area and elongation after 
the 2i4®C. (4I5°F.) air treatment were 
approximately four times corresponding 
values of specimens not heated in air. 

Eefect of Hydrogen on Reduction of 
Area and Other Properties 

The effect of heat-treatment in hydrogen 
on the reduction of area and elongation of 
alloys ranging from electrolytic iron (heat- 
treated in hydrogen, swaged, and annealed 
before machining) to 21.5 per cent manga- 
nese is shown in Figs. 2 and 3. Tensile 
specimens of each composition were heated 
in hydrogen at iooo°C. (i830®F.) for 2 hr. 
and cooled inside a water-quenched quartz 
tube as previously described. Some speci- 
spedmens so treated were then heated at 
iooo®C. (i83o°F.) for one hour in vacuum 
and similarly cooled. Some of the latter in 
turn were tempered at 55o®C. (io2o°F.) 
in an evacuated tube for one hour. No 
difference was observed between the alloys 
air-cooled or water-quenched from S5o®C. 
(io2o®F.). 

Each point of Figs. 2 and 3 is an average 
for the most part of two or three specimens 
whose treatment was parallel. The reduction 
of area for electrolytic iron or for 3.3 per 
cent manganese iron is not affected by 
either hydrogen, vacuum or tempering 
treatments. At 6 to 7 per cent manganese, 
the reduction of area suddenly drops to a 
very low value whether the spedmens are 
vacuum-treated or hydrogen-treated be- 
forehand. At higher than 6 to 7 per cent 
manganese compositions, induding 21.5 
per cent manganese, the hydrogen-treated 
spedmens are all relatively brittle. Vacuum- 
treated specimens, hence low in hydrogen. 


display marked reduction of area for com- 
positions above 7 per cent and including 17 
per cent manganese composition, but at 
21.5 per cent manganese there is again a 
falling off in ductility. 

Curves representing elongation are simi- 
lar to those for reduction of area, with some 
minor exceptions. Hydrogen treatment of 
alloy 3 reduces elongation to some extent, 
but this, as explained later, is ascribed to 
the more rapid cooling rate in hydrogen as 
compared with vacuum. It is observed that 
percentage of elongation for compositions 
from 7 to 17 per cent manganese, unlike 
reduction of area, rises steadily with 
manganese composition, but, like reduction 
of area, again decreases at 21.5 per cent 
manganese. 

Effect of Tempering 

Spedmens treated approximately in ac- 
cordance with the tempering treatment of 
Walters, Kramer and Loring* show no great 
difference in reduction of area or elongation 
compared with the quenched low-hydrogen 
spedmens, except the alloys containing 
from about 6 to 10 per cent manganese. For 
these the ductility is appredably improved 
As discussed later, the tempering treatment 
of 14 per cent manganese-iron composition 
at 550® C. (io2o®F.) for one hour in air or 
vacuum was found sufi&dent to remove 
most hydrogen and restore ductility. The 
same probably is valid for other alloys of 
this series. It can be said, therefore, that 
whenever the one-hour tempering treat- 
ment of quenched low-carbon 12 to 22 per 
cent manganese-iron alloys produces appre- 
dable improvement in ductility it does so 
by removal of hydrogen. 

Data of Walters, Kramer and Loring for 
alloys tempered at 54o®C. (iooo®F.) for one 
hour are also given in Figs. 2 and 3. Thdr 
values for reduction of area at 7, 16 
and 21 per cent manganese are lower 
than those of the present paper, but other- 
wise agreement is fair. A correction intro- 
duced for difference in size of tensile 
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specimens (Table 2) undoubtedly would agreement. The tensile strengths for speci- 
bring the two sets of data into closer mens so treated increase from a low value 
correspondence, in view of the fact that characteristic of pure iron to a maximum 
16 to 22 per cent manganese are gamma at approximately 12 per cent manganese, 



Fig. 4.— Eppect op hydrogen, vacthim and tempering treatments on tensile strength 

OP LOW-CARBON MANGANESE-IRON ALLOYS 


and epsilon-phase alloys and 12 per cent or 
lower manganese compositions are, by and 
large, alpha-phase alloys. Hadfield’s data, 
which show values for reduction of area 
and elongation all below 10 per cent for 
manganese compositions between 4 and 17 
per cent, are not in agreement with the 
present data. As Walters, Kramer and 
Loring have already indicated, these dis- 
parities probably arise because of impurities 
in Hadfield's alloys. 

Tensile Strengths op Low-carbon 
Alloys 

The effect of manganese on the tensile 
strengths of both hydrogen-treated and 
vacuum-treated specimens, and also tem- 
pered vacuum-treated specimens, is shown 
in Fig. 4. A curve connects points for the 
tempered specimens. Corresponding values 
reported by Walters, Kramer and Loring 
for similarly tempered alloys are in good 


then undergo a minimum at about 17 per 
cent manganese before reaching a higher 
value at 21.5 per cent manganese. 

Specimens vacuum-treated and con- 
sequently low in hydrogen follow the 
tensile strengths of tempered specimens. 
Values for hydrogen-treated specimens 
are coincident with values for other 
treatments at zero and 3.3 per cent man- 
ganese, lie above the curve at 6 to 7 
per cent manganese and are uniformly 
below the curve at higher manganese 
contents. 

In Table 3 are listed the averaged 
mechanical properties of low-carbon alloys 
subjected to various conditions of treat- 
ment. Yield strengths were found to be 
not as reproducible as tensile strengths, 
but it can be recognized that a definite 
maximum value is reached at about 6 to 
12 per cent manganese. 
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In Table 3 are included data of some 
specimens tempered at 5So°C. (io2o®F.) 
for 24 hr. for comparison with specimens 


ment. Whenever properties are altered 
by heat-treatment at this intermediate 
temperature, i hr. appears to suffice. 



Fig. 5 . — Effect of cooling rate on reduction of area of vacuum-treated low-carbon 

MANGANESE-IRON ALLOYS. 


Table 3. — Mechanical Properties of MangantseAron Alloys 



® Treatment A 
B 
C 
D 
E 
P. 

^ Approximate 


. . Heated Ht, iooo*’C., 2 hours. 

. . . A -i- vacuum, iooo®C., i hour 

. . . A -i- B -H vacuum, SSO*<r;., i hour, 

A -i- B -i- vacuum, 5SO®C., 24 hours. 

. A 4 - vacuum, lOOO^C., i hour, water ouenched. 

. A + B + cathodic polarization, dil. H3SO4 0.03 amp per sq. cm., 2 hours. 
Quenched from iioo®C. 


tempered i hr. The longer-time tempering 
treatment produces no important changes 
in properties compared with i-hr. treat- 


Data are also given illustrating the 
effect of direct water quench from vacuum 
at iooo®C. (1830®?.) instead of the slower 
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quench inside a quartz tube. These are 
plotted in Fig. 5. The rapid quench reduces 
the ductility of alloy 3. The same mechani- 
cal properties within experimental varia- 
tions of the test are obtained when the 
alloy is directly water-quenched from 
hydrogen, consequently the effect of 
rapid quench is not due to dissolved gas 
but to change in alloy structure. This is 
described later. The ductility of alloys 
6 and 7, on the other hand, are increased 
by water quenching from iooo°C. (i83o°F.), 
but the same treatment appears to produce 
no significant change in alloys containing 
more than 7 per cent manganese. The 
difficulty that Hadfield experienced^^ in 
checking Arnold^ s lalue for percentage of 
elongation using the same heat of 5.5 per cent 
manganese-iron cdloy Arnold used can he 
explained by this critical effect of cooling 
rate on the ductility. 

The 0.18 per cent carbon steel is equally 
brittle, whether water-quenched from vac- 
uum or hydrogen. The microstructure, as 
expected, reveals formation of martensite. 

Discussion of Results 

To explain the effect or lack of effect of 
hydrogen, it was important to know the 
actual hydrogen content of the various 
specimens. Hydrogen analyses of the 
alloys were obtained by vacuum extraction 
of s-gram samples, 0.38 cm. (0.15 in.)- 
diameter, at 650® to 75o°C. (1200® to 
i38o®F.), followed by analysis of the 
extracted gases. Preliminary values for 
several of the alloys are listed in Table 4. 

Hydrogen, though small in quantity, 
was recovered from specimens previously 
treated in vacuum at iooo®C. as well as 
from those treated in hydrogen. This 
was not unexpected in view of the slow 
rate of hydrogen escape for the last por- 
tions combined with inherently better 
vacuum conditions in the analysis equip- 
ment than in the heat-treatment tube. 
Details of the analysis will be published 
later. 


Table 4. — Pr diminary Hydrogen Analyses 
of Specimens Quenched in Quartz Tube 


Specimen 

Mn, 

Per 

Cent 

Wt Per Cent H* X lo* 

Heated Ha. 
iooo°C , 

2 Hr. 

Heated Ha, 
iooo°C , 

2 Hr.. 
Vacuum 
iooo®C , iHr. 

Electrolytic iron 

0 0 

0 23 


Alloy 3 

3 3 

0 98 


Alloy 6 

6 3 

I 3 

0.49 

Alloy 12 

II 6 

4 7 


Alloy 14 

14 0 

4 3 

0 16 

Alloy 17 

17 6 

5 5 


Alloy 22 

21 s 

6 0 



It is obvious from the analyses that 
relative lack of embrittlement of elec- 
trolytic iron and alloy 3 follows from the 
relatively small amount of hydrogen 
retained on quenching the small-diameter 
specimens. Quenched alloy 6 can be 
brittle despite a low hydrogen content. 
Alloys of higher manganese content retain 
appreciable quantities of gas and cor- 
respondingly are embrittled. 

Rapidly water-quenching alloy 3 from 
hydrogen at iooo®C. (i83o®F.) increased 
the amount of retained hydrogen from 
0.98 X 10”* to approximately 1.8 X lo”* 
per cent. This amount, nevertheless, was 
insuflGlcient to cause embrittlement. The 
elongation and reduction of area of 
specimens so quenched were reduced, it is 
true, from 31 and 82 per cent to 14 and 
73 per cent, respectively, but the same 
change of properties was obtained when the 
alloy was water-quenched from va'cuum 
at iooo°C. (i 830®F.) (Table 3). 

Why less hydrogen is retained by 
quenched pure iron and by alloys 3 and 
6 is a point of interest that can more 
adequately receive explanation with further 
experiment. The results obtained by 
Baukloh and Miiller* indicate that hydro- 
gen solubility in manganese-iron alloys 
at iooo°C. (i830®F.) does not vary with 
manganese content in a manner necessary 
to explain the slight retention of hydrogen 
by alloys containing less than 6 per cent 
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manganese. The effect of manganese to 
lower the 7 — > a transformation tempera- 
ture of iron is probably more closely related 
to the observed effects. It is known that 
the hydrogen-diffusion rate at comparable 
temperatures is lower in gamma iron than 
in alpha iron® and the same order probably 
exists for gamma and alpha-phase man- 
ganese-iron alloys. The higher the trans- 
formation temperature, the higher is the 
temperature at which alpha phase appears, 
consequently hydrogen can diffuse out 
of the specimen with greater facility. 
This factor can plausibly account for the 
more rapid loss of hydrogen on cooling 
pure iron and alloys 3 and 6, all of which 
transform from gamma to alpha phase at 
temperatures sufficiently high for ready 
diffusion of hydrogen (> 400°C). Higher 
manganese alloys transform at lower 
temperatures not favorable for rapid 
hydrogen diffusion. 

The 6 Per Cent Manganese 
Composition 

The curious dip in reduction of area 
and elongation of manganese-iron alloys 
at about 6 to 7 per cent manganese, either 
quenched in a quartz tube in hydrogen or 
vacuum at iooo®C. (i83o®F.), prompted an 
inquiry into the nature of this composition. 
Baukloh and Muller reported a dis- 
continuity in hydrogen solubility at this 
manganese composition, the solubility 
at iooo®C. (i83o®F.) being approximately 
7.9 X 10"^ per cent at 7 per cent man- 
ganese but dropping off to approximately 
5.4 X lo”^ per cent at either 4 or 8 per cent 
manganese. Our preliminary hydrogen 
analyses of vacuum-treated 6.3 per cent 
manganese alloy proved, however, that 
I hr. at iooo°C. (i83o®F.) sufficed to 
reduce the hydrogen content to a low 
value (Table 4). This fact, together with 
experiments in which vacuum treatment 
at iooo°C. (i83o®F.) was extended beyond 
the usual i hr. but with no resultant altera- 
tion of properties made it quite certain 


that hydrogen was not the factor that 
accounted for the brittle nature of the 
quenched alloys. 

Ductility, as reported earlier, was 



Fig. 6. — Back-reflection X-ray diffrac- 
tion PATTERN of 6.3 PER CENT MANGANESE — 
IRON ALLOY SHOWING EFFECT OF TEMPERING 
ON (211) ALPHA DODBLET. 

a. Quenched in evacuated tube. 
h. Tempered sso°C. one hour. 

acquired by the 6 to 7 per cent manganese 
alloys when the hydrogen-treated or 
vacuum-treated specimens were tempered 
at SSo®C. (io2o®F.) for about i hr. Any 
change in microstructure after this treat- 
ment compared with that of specimens 
quenched from 1000® C. (i83o®F.) was 
not readily perceptible. X-ray patterns 
recorded body-centered cubic lines for the 
quenched as for the tempered alloys. 
An important difference appeared, how- 
ever, in the breadth of the X-ray lines. 
The lines for the tempered alloy were 
sharp whereas those for the quenched 
alloy were more diffuse. A subsequent 
back-reflection pattern showed that the 
(211) alpha line was broad and diffuse 
for the quenched alloys but was split 
into a doublet for the tempered alloy. 
The X-ray photograms are reproduced in 
Fig. 6. These differences in X-ray structure 
have been previously described in the 
literature and are characteristic of alpha- 
phase manganese-iron allo3rs. When 
quenched, the alpha phase is in a meta- 
stable state, but when tempered it is 
in an equilibrium state. The brittle 
structure appears, therefore, to be no 
other than the alpha prime or super- 
saturated alpha phase reported by Ohman® 
and recently described by Troiano and 
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McGuire." The latter authors report 
supersaturated alpha lines at compositions 
ranging from 3 to 15 per cent manganese. 
The marked effect of this metastable 
“phase” on ductility appears most pro- 
nounced in the composition range bordering 
6 per cent manganese. A definite though 
smaller effect appears at 3.3 and 10 per 
cent manganese and still less or practically 
none at 11.6 per cent or higher manganese 
compositions. 

The presence of this “ phase” can explain 
the effect of rapid water quench compared 
with a slower quench in a quartz tube on 
the properties of alloys 3, 6, and 7 as 
shown in Fig. 5. Although a water quench 
decreases the ductility of alloy 3 and 
increases the ductility of alloys 6 and 7, 
the cause is probably the same because a 
still slower cooling rate applied to alloys 
6 and 7 again renders them ductile. 
Elongation of alloy 3 happens to respond 
to a more rapid cooling rate than is char- 
acteristic of alloys 6 and 7. It is this effect 
of cooling on formation of a brittle alpha 
phase, therefore, that accounts for the 
reduced elongation of hydrogen-treated 
and cooled alloy 3 (Fig. 3). A further 
analysis of the brittle structure as in- 
fluenced by cooling rate was not attempted. 

The 21.5 Per Cent Manganese 
Composition 

The falling off of ductility at 21.5 per 
cent manganese for vacuum-treated or 
tempered specimens (Figs. 2 and 3) is 
related to a structural change differing 
from that which accounts for the properties 
of 6 to 7 per cent manganese alloys. 
Hydrogen analyses of Table 4 show that 
the quenched 21.5 per cent alloy retains 
approximately the same amount of hydro- 
gen as does the 17.6 per cent alloy. Vacuum 
treatment of the 21.5 per cent alloy for 
I hr. at iooo®C. (i83o®F.), however, fails 
to bring the ductility to as high a value as 
the 17.6 per cent alloy, nor does vacuum 
treatment for an additional hour alter 


the properties. X-ray patterns of both 
alloys, quenched and cold-worked, fur- 
nished a clue. The approximate phase 
composition obtained from line intensities 
of wire specimens is given in Table 5. 
Heat-treatment was effected by passing an 
electric current through 0.05 i-cm. f 20-mil) 
diameter wires of each alloy and recording 
temperatures with an optical pyrometer. A 
rapid quench was effected by interruption 
of the current. 

Table 5. — Phase Composition of Alloys 
Containing 17.6 and 21.5 Per Cent 
Manganese 

20-MIL Wires, Heated H2, iooo°C, 4 Min. 
Followed by Vacuum, iooo°C., 2 Minutes 



Mn, 

Per 

Cent 


Approximately 

Alloy 

Quenched 

40 Per Cent 
Cold 

Reduction 

17 

17 6 

7, 6 - approx 4) 

o£, a (a = •) 

22 

21 s 

7. « (y “ «) 

« 


a ** body-centered cubic. 
y *■ face-centered cubic, 
e » bezagonal close packed. 


It is apparent that whereas both alloys 
quenched from iooo®C. (i83o°F.) in 
vacuum are composed of mixtures of 
gamma (face-centered cubic) and epsilon 
(hexagonal dose-packed phases), cold- 
work transforms gamma phase of the 
21.5 per cent alloy to epsilon but gamma 
phase and apparently some epsilon phase 
of the 17.6 per cent alloy are transformed 
to alpha (body-centered cubic). The 
greater ease of slippage in general of 
the body-centered cubic compared with the 
hexagonal dose-packed polyciystalline 
metals accounts for the diminished duc- 
tility of the 21.5 per cent manganese 
alloy. 

Effect of Time and Temperature 
ON Recovery of Ductility 

Specimens of 14.0 per cent manganese 
iron heated in hydrogen at iooo®C. 
(i83o®F.) for IS min., i hr., 2 hr., or 5 hr. 
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showed embrittlement to approximately 
the same extent. This was evidence that 
hydrogen diffuses very rapidly at iooo®C. 
(i83o®F.). At lower temperatures a longer 


atures. At 5oo°C. (930®?.), specimens are 
ductile, whether heated in hydrogen or 
vacuum. At 55o®C. (io2o®F.) and 6oo®C. 
(iiio®F.), reduction of area of specimens 



Fig. 7. — Eptect op atmosphere and temperature on regain op ntrcTiucTY op low-carbon 

14 PER CENT MANGANESE-IRON ALLOY. 

Spedmens previously heat-treated in hydrogen. 


time for diffusion is expected and observed. 
This is illustrated by data plotted in 
Fig. 7 for reduction of area related to 
temperature at which specimens of 14.0 
per cent manganese-iron alloy were held 
for I hr. in hydrogen or vacuum. All 
specimens were previously heated in 
hydrogen at iooo°C. (i830®F.) for 2 hr. 
and thereby were embrittled. Individual 
determinations, not averages, are recorded. 
At 2oo®C. (39o°F.), spedmens either 
heated in vacuum or hydrogen for i hr. 
remain embrittled. As mentioned earlier, 
treatment for longer times at this approd- 
mate temperature restores ductility in at 
least 15 hr. At 300®C. (s7o®F.) and 4oo®C. 
(75o®F.) spedmens behave erratically, 
sometimes beconaing ductile, at other 
times not, whether in hy’drogen or vacuum. 
The lower* dashed lines of Fig. 7 trace the 
alternate behavior at these two temper- 


heated in hydrogen begins to decrease, 
whereas values for spedmens heated in 
vacuum remain fairly constant at 75 per 
cent. At 7oo°C. (i2go°F.) and higher, sped- 
mens heated in hydrogen remain embrittled. 

A number of dilatometer runs showed 
that this alloy heated to 5oo°C. (930®F.) 
is below the a—^y transformation tem- 
perature range and that at approximately 
625®C. (ii6o®F.) the alloy is completdy 
converted to gamma phase. On cooling, 
the reverse transformation to epsilon 
phase begins at i7S®C. (3So®F.) with 
alpha phase appearing at a still lower 
temperature. X-ray data indicated that 
all three phases are present at room 
temperature. Extension data plotted with 
temperature are given in Fig, 8. Dis- 
continuities in the slope of the extension 
curve, corresponding to phase trans- 
formations, were at the same temperature 
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whether the dilatometer specimen was 
heated and cooled in hydrogen or in 
vacuum. Any eflFect of hydrogen, therefore, 
on phase-transformation temperatures must 
be relatively small. 

The respective temperatures for phase 
transformation in the 14 per cent man- 
ganese-iron alloy are related to its behavior 
when heated in hydrogen at various 
temperatures. Hydrogen is less soluble 
in the mixture of gamma and alpha phases 
at 5oo®C. (93 o®F.) than at temperatures 
above approximately 625^0. (ii6o°F.'i 
at which the alloy is all gamma phase. 
This follows from the fact that the solu- 
bility of hydrogen is greater in gamma 
than in alpha phase^-*. Furthermore, at 
5oo°C. (93 o®F.) excess hydrogen retained 
on quenching from iooo®C. can readily 
escape via the alpha-phase portion of 
the lattice as compared with a lower 
rate of escape in gamma phase. Con- 
sequently, the alloy heated at 5oo®C. 
(93o®F.) for I hr. in hydrogen or vacuum 
retains too little hydrogen to exhibit 
embrittlement at room temperature. At 
lower temperatures of heat-treatment in 
hydrogen or vacuum the rate of hydrogen 
escape is less and probably depends on 
several factors, including variable catalytic 
surface condition of the specimen with 
respect to combination of hydrogen atoms 
to form hydrogen gas. Hence these speci- 
mens may or may not be ductile after i-hr. 
treatment, but undoubtedly would all be so 
if heated for somewhat longer times. 

In Fig. 9, the relation is shown of reduc- 
tion of area to time of heating 14.0 per cent 
manganese tensile specimens at S5o®C. 
(io2o®F.) in air. These specimens, too, 
were previously treated in hydrogen at 
iooo°C. (i 830®F.) for 2 hr. The tempera- 
ture was recorded by a thermocouple 
wired to the specimen. The time for the 
tensile specimen to reach 5®C. (9®F.) below 
the spedhed final temperature required 
6H min, after insertion into the air furnace. 
Time was recorded when the specimen 
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reached this temperature, indicated by the 
dotted vertical line of Fig. 9. The increase 
of ductility is erratic for short heating 
times, but within approximately 30 to 50 
min. the specimens of o.i6o-in, diameter 
lose suflicient hydrogen to reach their 
maximum ductility. 

Effect of Dissolved Hydrogen on 
Hadfield Manganese Steels 

The properties of Hadfield manganese 
steels are sensitive to rate of quench, 
whereas the low-carbon manganese alloys 
above 7 per cent manganese are unaffected 
within a wide range of cooling rates. It 
was found that the usual procedure of 
quenching specimens inside a water-cooled 
quartz tube was too slow to obtain uniform 
and optimum properties of the high-carbon 
allo3rs. In all tests, therefore, a direct 
quench in water followed whatever treat- 
ment preceded. Tests were conducted soon 
after the quench. 

The tensile specimens, ground to size, 
were of the same dimensions for Hadfield 
alloy A as those used for the low-carbon 
allo3rs. Specimens of this alloy quenched 
either from vacuum or hydrogen at iooo®C. 
(i 830®F.) showed differences in mechanical 
properties only within the experimental 
variations of the test. The results averaged 
for two specimens are given in Table 6. 

Further tests were conducted using a 
second commercial Hadfield alloy labeled 
B. This alloy, unlike alloy A, did not con- 
tain nickel. Tests were conducted initially 
with standard strip specimens of 2-in. 
gauge length and 0.412 cm. (0.162 in.) 
thick (Fig. 4, p. 134 of ref. 9). The results 
given in Table 6 show no significant effect 
of hydrogen on the mechanical properties. 

The large tensile spedmens became hot 
incidental to testing, however, with the 
possibility that some hydrogen escaped 
during the test. The thickness of sheet was 
too small to permit grinding of the small- 
diameter tendle spedmens. It was con- 
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adered best, therefore, to continue the 
tests with impact specimens. Impact values 
are known to be especially low for metals 
embrittled by hydrogen. A marked differ- 
ence in impact value, for example, was 
observed for cylindrical specimens of low- 
carbon 14.0 per cent manganese-iron alloy 

Table 6 . — Efect of Hydrogen on Tensile 
and Impact Properties of Hadfield 
Manganese Steels 
Steel A 

Specimens 0.8-in. Gauge Length, o.i6o-m. 


Diameter. Averaged Results 


1 

Treatment 

Tensile 
Strength, 
Lb. per 
Sq. In. 
X 10-* 

1 

0 2 Per 
Cent 
Yield 
Strength, 
Lb- per 
Sq. In. 
X 10”* 

j 

Elon- 

gation, 

Per 

Cent 

Reduc- 
tion of 
Area, 
Per 
Cent 

Hi, iooo®C., sH 
bx 

122 

48 

79 

54 

Vac, 1000® C., 2J4 
Hr 

126 

54 

83 

59 


Steel B 


Strip Spedmens 2-m. Gauge Length, 0.162-in. 
Thickness. Averaged Results 


Hi, iooo®C.. X hr. 

138 

51 

55 

39 

Vac, iooo®C., I hr. 

143 

49 

52 

39 

Air, iooo®C., H hr. 

140 

47 

49 

38 


Chaepy Impact Specimens 2.16 X 0394 

X 0.162 Inch 
Pt-lb. 

Hi, iooo^C.. 15 nun. ...... 38 

Hs, iooo°C., 3 hr 40 

Effect oS Agtng 

Hi. looo^C.. z hr. . . . 40 Tested within few 
minutes 

36 Tested one day aft«r 

treatment 

38 Tested 3 days after 
treatment 

37 Tested 6 days after 

treatment 

37 Tested 5 weeks after 

treatment 

Vacuum, looo^C., i hr 41 

38 

N*. iooo*C., I hr 3d 

38 

Hi, iioo®C., 1 hr 37 

Vacuum, iioo®C., i hr 37 


heat-treated in hydrogen, as compared 
with spedmens heat-treated in vacuum. 


The impact spedmens of alloy B were 
ground to the dimensions of standard 
Charpy notched impact spedmens (Fig. 2, 
p. 673 of ref. 9) except that the thickness 
was that of the rolled sheet, 0.412 cm. 
(.162 in.), and a V-notch was ground 
instead of a saw cut. Tests were conducted 
to illustrate the effect of heating in hydro- 
gen or vacuum at 1000® C. (i830®F.) or 
iioo®C. (2oio®F.) and in nitrogen at 
iooo®C. (t83o®F.). a study of aging up 
to 5 weeks was made for spedmens initially 
quenched from iooo®C. (i83o®F.) in hydro- 
gen. A rapid quench in fused nitrate-nitrite 
salt at i6o®C. was compared with a water 
quench. The average value for all tests for 
all treatments was 38 ft-lb. Data of Table 6 
show that any variations from this mean 
were within the experimental fluctuations. 
The condusion is that under the described 
conditions hydrogen retained on quenching 
has no measurable effect on impact or 
tensile properties of Hadfield manganese 
steels. 

It is pertinent to note that lack of em- 
brittlement is not due to defidency of hydro- 
gen absorption at high temperatures or 
absence of retained hydrogen at room tem- 
perature. Preliimnary gas analyses showed 
that Hadfield steel A heated at iooo®C. 
(t83o®F.) in hydrogen for 2 hr. and water- 
quenched contained 5.5 X lo"* per cent 
Hj. This amount, which was without effect 
on Hadfield steel, was ample to cause 
embrittlement of the low-carbon alloys. 
Vacuum treatment of Hadfield steel at 
high temperatures was found to extract 
most of this dissolved hydrogen. A sample 
of Hadfield steel A heated in vacuum at 
iooo®C. (i83o®F.) for 2 hr. analyzed only 
0.09 X 10"^ per cent H*. The lack of 
embrittlement of high-carbon 14 per cent 
manganese iron, and pronounced embrittle- 
ment of the low-carbon alloys, probably 
arises, therefore, from the less pronounced 
effect of dissolved hydrogen on totally 
gamma-phase alloys as compared with 
alpha and eprilon-phase alloys. 
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Effect of Cathodic Hydrogen 

It is of fundamental interest to know the 
comparative effect on metals of hydrogen 
introduced at room temperature as well 


ductile, except the alloys analyzing 6 to 7 
per cent manganese. The latter when 
quenched in this manner from iooo®C. 
(i 830®F.) are inherently brittle, inde- 



Fig. 10. — Effect of exposure of tow-carbon manganese-iron alloys to cathodic hydrogen 

IN DILUTE SULPHURIC ACID ON REDUCTION OF AREA. 


as the effect of hydrogen retained by 
quenching. Hydrogen, in either case, is 
known to embrittle iron. The effect of 
manganese on the extent of embrittlement 
of iron by cathodic hydrogen apparently 
has not been investigated previously. The 
study is especially of interest because of 
the presence of one or more of the three 
common lattice types in quenched alloys 
containing up to 22 per cent manganese. 

Specimens used were, as before, 0.406- 
cm. (o.i6o-in.) diameter and 2.0-cm. (0.8- 
in.} gauge length. These tensile specimens 
were first heated in hydrogen at iooo°C. 
(i83o°F.) for 2 hr. followed by vacuum 
treatment at iooo®C. (i83o®F.) for i hr. 
with the usual quench in a quartz tube. 
By application of this treatment they were 
rdativdy free of hydrogen and were 


pendent of hydrogen content. 

The tensile specimens were made cathode 
in pure dilute sulphuric add employing 
platinum anodes. Current density was 
0.03 amp. per sq. cm. (0.2 amp. per sq. in.) 
and time of electrol3rsis was for 2 hr. Ten- 
sile tests were conducted immediately 
after treatment, to avoid loss of hydrogen 
at room temperature. 

Reduction of area plotted with man- 
ganese content is shown in Fig. 10. Me- 
chanical properties are summarized in 
Table 3. The 3.3 per cent manganese alloy 
is unaffected by 2-hr. exposure to cathodic 
hydrogen. This is true also of the 17.6 and 
21.5 per cent manganese alloys treated 
for 2 hr., or, as was done in later experi- 
ments, for a period as long as 23 hr. Com- 
positions between 10 and 14 per cent 
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iiiaiigaiie-L*, <>n the uthei ham!, arc sevcnily 
embrittled. The alloys embrittled by 
cathodic hydrogen display in general lower 
tensile strength than control specimens 
heat-treated in vacuum. 

Lack of embrittlement i»f the 3.3 per cent 
manganese alloy is not entirely unexpected 
in view of Korber and Ploum’s experi- 
mentsd® which sho\ve<l that pure iron does 
not absorb hydrogen when made cathode 
in a pure sulphuric acid solution. It is 
curious that the 1 7.6 and 21.5 per cent com- 
positions are likewise unaffected, whereas 
intermediate compositions are embrittled. 
Preliminary hydrogen analyses made it 
clear that lack of response of these alloys 
to cathodic hydrogen resided in the rela- 
tively small amount of hydrogen that 
enters the lattice. Gas-analysis data are 
listed in Table 7. 


Table 7, — Preliminary Hydrogen Analyses 
of Alloys Exposed to Cathodic Hydrogen 
In DUiite Sulphuric Acid 


Alloy 

NV 

i 

Mn. 

Per 

Cent 

Current 
Density, 
Amp per 
Sq. Cm. 

Time of 
Electrol- 
ysis, Hr 

Wt. Per 
Cent 

Hj X 10* 

3. . . . 

3 3 

0 03 

2 

0 89 

14..- . 

14 0 

0 03 

2 

3.5 

r8 . . . . 

17 6 

0 03 1 

2 

! 0,74 

0.48 

Iladfield 

31 S 

0 03 

3 

1 

steel A. 

13 4 

0 05 

5 1 

1 

0 29 


Alloy 14 of Table 7, which is one of the 
compositions embrittled by cathodic hydro- 
gen, contains, as expected, the largest 
quantity of gas. The expressed hydrogen 
content is more effective in causing 
embrittlement than the analysis indicates 
because the major portion of gas is localized 
at high concentration in a region near the 
specimen surface. A rim of relatively brittle 
metal surrounding a more ductile core 
can be seen in the fractured sections of 
tensile bars. 

Hadffeld steel is unaffected by exposure 
to cathodic hydrogen for a period as 
long as 5 hr. Here, too, practically no 


liydrngfTi ♦‘Titers the lattice, allowing lor a 
small amount originally present in the 
specimen. Addition of a trace of phos- 
phorus dissolved in CS2 to the sulphuric 
acid electrolyte, as was done by Korber 
and Ploum^o to increase absorption of 
cathodic hydrogen by iron, was found 
also to increase the amount of hydrogen 
absorbed by Hadfield steel. It was found 
that i.o X 10"* per cent H2 entered the 
alloy after 2-hr. electrolysis in sulphuric 
acid containing phosphorus at 0.05 amp. 
per sq. cm. (0.32 amp. per sq. in.). This 
amount, however, was insufficient to alter 
the mechanical properties of tensile speci- 
mens. It will be recalled that as much 
hydrogen as 5.5 X 10““* per cent in Hadfield 
steel specimens quenched from high tem- 
peratures was also without effect. 

The tensile results obtained for alloy 
7 point to the fact that this alloy, like 
alloys 3,18 and 22, does not absorb cathodic 
hydrogen in pure sulphuric acid. Tensile 
specimens of alloy 7 quenched in a quartz 
tube are so embrittled that in test they 
tend to break at the threads. Hence the 
data of Table 3 for effect of cathodic 
hydrogen on this alloy are for specimens 
directly water-quenched from vacuum, 
and therefore initially more ductile. The 
mechanical properties are very nearly 
identical with those of specimens that 
have had parallel treatment but have not 
been exposed to cathodic hydrogen. Bata 
that also indicate lack of cathodic hydrogen 
absorption were obtained for tempered 
specimens, which are more ductile than 
water-quenched vacuum-treated speci- 
mens. The properties of these, too, were 
unaffected after exposure to cathodic 
hydrogen for 2 hours. 

Results for mild steel are included in 
Table 3. Unlike pure iron, the properties 
of this steel are altered by exposure to 
cathodic hydrogen in pure sulphuric add. 
The tensile strength undergoes no appred- 
able change after 2-hr. treatment but the 



lIKRBLiiT II. UHLIO 


elongation and reduction of area are 
decreased. 

Theory eor the Cathodic Hydrogen 
Results 

The fact that certain addition agents 
to the electrolyte are necessary before 
cathodic hydrogen enters the iron and some 
alloy lattices is proof that surface proper- 
ties of the metals determine whether dis- 
charged hydrogen ions will escape as H2 or 
become a constituent of the lattice. The 
reactions, somewhat simplified, which 
describe the situation at the cathode when a 
current flows are as follows: 

[il 

2H-^H2 [2] 

The first reaction, in accordance with 
Faraday ^s law, proceeds as rapidly as the 
current flows. At the beginning of elec- 
trol3rsis, the second reaction may proceed 
rapidly on a dean metal surface, which 
catalyzes combination of hydrogen atoms, 
or it may be inhibited by additions such 
as phosphorus or arsenic, which act in no 
different sense than well-known surface 
catalyst poisons. Inhibition of reaction 2 
will increase the effective surface concen- 
tration of hydrogen atoms on the cathode 
and thus increase the relative probability 
of their entrance, into the metal lattice. 
This explains the immunity of pure iron 
to cathodic hydrogen and the embrittle- 
ment of mild steel. The latter contains 
small percentages of impurities, which 
contaminate the metal surface and partly 
destroy the property of iron to accelerate 
reaction 2. This particular mechanism is 
similar to one that recently has given 
plausible explanation for the effect of 
catalyst poisons on hydrogen overvoltage.^^ 

It is reasonable that 3 to 7 per cent 
manganese added to iron should have 
catalytic influence on the reaction 2H — > H2 
not appredably different from that of iron 
itself. Hence, as observed, only a small, 
amount of cathodic hydrogen enters the 


1CJ9 

alloy lattice of low manganese composition. 
At higher manganese compositions, the 
over-all catalytic properties of the alloys 
may differ — or, alternately, the affinity 
of manganese for hydrogen may be 
greater than that of iron for hydrogen, sf) 
that more discharged hydrogen for this 
reason becomes part of the alloy lattice. 
One fact that bears relation to the second 
of these possibilities is the abnormally 
high solubility of hydrogen in manganese, 
the solubility exceeding that in iron, 
chromium, cobalt or nickel.^* The effect 
of manganese on the entrance and con- 
centration of cathodic hydrogen in the 
manganese-iron lattice appears to be 
confined to alloys of alpha phase or body- 
centered cubic lattice. 

The b.c.c. lattice exists predominantly 
in quenched alloys containing up to 12 per 
cent manganese but constitutes only a 
small fraction of the 14 per cent Mn alloy 
structure. For the latter alloy, the face- 
centered cubic lattice (gamma phase) 
and hexagonal close-packed lattice (epsilon 
phase) are present in major amount. 
Fig. 10 shows that coincident with the 
predominance of these lattices at 14 per 
cent manganese the effect of exposure to 
cathodic hydrogen diminishes. In fact, 
when the alloys are virtually all gamma and 
epsilon phases, as occurs at 17.6 and 
21,3 per cent manganese, cathodic hydro- 
gen fails to enter the lattice in any sig- 
nificant amount and no embrittlement 
occurs. 

The behavior of the manganese-alloy 
series is strong evidence that the lattice 
type plays a large part in determining 
whether or not cathodic hydrogen is 
absorbed. Further evidence of this is 
contained in the fact that commercial 
Hadfield steels, which are totally gamma 
phase, also fail to absorb appreciable 
cathodic hydrogen in pure dilute sulphuric 
acid (Table 7), Since the order of hydrogen 
solubility in these respective lattices 
would be expected to exert opposite to the 
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observ’ed effect (hydrogen is more soluble 
in gamma than in alpha iron) it appears 
that other factors such as differing hydro- 
gen-diffusion rates in the alloys and 
differing surface catalytic acti\’ity must 
enter into the explanation. Present e\i- 
dence places less importance on the effect 
of lattice on catalysis and greater im- 
portance on the relatively low diffusion 
rate of hydrogen in the f.c.c. lattice at 
room temperature. This evidence is ob- 
tained from the experiment in which a 
catal>^t poison added to sulphuric add 
increased ver>' little the cathodic hydrogen 
absorption by Hadfield steel, and is also 
evident in the fact that hydrogen at room 
temperature escapes extremely slowly 
from gamma-phase and from 

gamma-phase Hadfield steel.^* 

'Summary 

Low-carbon manganese-iron alloys, con- 
taining 9 to 22 per cent manganese, hydro- 
gen-treated at looo^C. (i83o®F.) and 
quenched are embrittled by retained 
hydrogen. This applies to large and small- 
size spedmens. Small-size spedmens of 
electrolytic iron, 0.406-cm. (o.i6o-in.) 

diameter, and 3.3 per cent manganese-iron 
alloy, on the other hand, are not embrittled 
because hydrogen dissolved at iooo®C. 
(i83o®F.) for the most part is not retained, 
no matter how rapid the quench. 

The alloys vacuum-treated at iooo®C. 
(i83o®F.) and quenched in vacuum lose 
hydrogen. They are ductile, with the 
exception of alloys analyzing approxi- 
mately 6 to 7 per cent manganese. The 
latter are brittle because of formation on 
quenching of a metastable alpha phase. 
The appearance of this “phase” is also 
evident in the properties of 3.3 and 10 per 
cent manganese compositions. The 21.5 per 
cent manganese alloy is less ductile than 
the expected value by extrapolation be- 
cause with cold-work it practically com- 
pletely transforms to brittle epsilon phase 
(hexagonal dose packed). 


Tempering at sso^C, (io2o®F.) trans- 
forms the metastable or supersaturated 
alpha to equilibrium alpha phase and 
hence improves the ductility of alloys par- 
ticularly of 3 to 10 per cent manganese 
composition. Any significant effect of this 
tempering treatment to improve the 
ductility of alloys containing from 12 to 22 
per cent manganese is by removal of 
hydrogen. 

The reduction of area and elongation of 
alloys containing 3.3, 6.3 and 7.4 per cent 
manganese, vacuum-treated and hence low 
in hydrogen, are dependent on rate of 
cooling. A rapid water quench instead of a 
slower quench in vacuum decreases the 
ductility of 3.3 per cent manganese but 
increases the ductility of 6 to 7 per cent 
manganese compositions and has no sig- 
nificant effect on the properties of higher 
manganese compositions. This effect of 
cooling rate explains in part the difficulties 
reported by Hadfield in his attempt to 
harmonize data for the low-carbon alloys. 

The loss of hydrogen manifested by gain 
in ductility of the 14 per cent manganese 
alloy on heating in hydrogen or vacuum for 
I hr, at various temperatures can be 
interpreted on the basis of high diffusion 
rate of hydrogen in alpha phase and the 
high solubility of hydrogen in gamma 
phase. 

Appreciable hydrogen is retained by the 
high-carbon 14 per cent manganese alloy 
(Hadfield manganese steel) on quenching 
from iooo®C. (i83o®F.), but this has no 
effect on the tensile or impact properties 
in contrast to results obtained with the 
low-carbon 14 per cent manganese com- 
position. 

Exposure to cathodic hydrogen in a 
sulphuric add electrolyte embrittles alloys 
containing 10 to 14 per cent manganese but 
has no effect on other alloys of the series, 
induding Hadfield manganese steel. The 
reason was found to be lack of suffident 
hydrogen absorption by the compositions 
not affected. Manganese in iron favors th? 
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absorption of cathodic hydrogen in alpha- 
phase alloys. Allo3rs composed of gamma or 
epsilon phase, or both (low-carbon 17 to 
22 per cent manganese and high-carbon 14 
per cent manganese), as well as alpha- 
phase alloys containing less than approxi- 
mately 8 per cent manganese, do not take 
up an appredable amount of cathodic 
hydrogen in sulphuric acid. The reasons are 
related to differing surface catalytic activity 
with respect to the reaction 2H— >H2, to 
the appreciable affinity of manganese for 
hydrogen, and to the differing diffusion 
rates of hydrogen. 
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DISCUSSION 

(F. B. Foley presiding) 

R. E. Cramer,* Urbana, HI. — ^Mr. Uhlig 
says that ''data are presented to show that 


hydrogen absorbed by the high-carbon alloys 
of Hadfield composition is without effect on 
their mechanical properties.” I would like to 
point out that these data are based on tests 
of small specimens of steel It may well be 
doubted whether this conclusion would hold 
for a bar of steel of considerable cross section, 
say 2 in. in diameter or larger. 

Judging from the results of our studies of 
the effect of hydrogen on the development of 
shatter cracks in railroad rails, we would be 
on the lookout for such internal cracks in 
all high-carbon alloy steels. However, it may 
be that the Hadfield austenitic steel used 
by Mr. Uhlig does not reject hydrogen at 
temperatures below a red heat, as the ferritic 
steels do, so such cracks would not develop. 
It will be interesting to keep on the lookout for 
further information on this subject. 

F. C. Kelley,* Schenectady, N. Y. — ^The 
General Electric Co. has been interested in the 
subject of hydrogen embrittlement of low- 
carbon steels, since copper brazing of this class 
of materials is carried out on a mass production 
scale. Over a period of about 25 years we have 
never found such materials to be embrittled 
by hydrogen except in certain cases where 
the trouble could be traced to some other 
cause. 

The publication of Dr. Carl A. Zapffe’s 
paper in Metal Progress in August 1942 led to 
an investigation of this subject by George 
Wright, of our works laboratory, and myself. 

A sted of the following composition was 
sdected and standard tensile-test specimens 
were machined from the material: carbon, 
0.23 per cent; manganese, 0.48; phosphorus, 
low; sulphur, low; no alloy content The results 
of tests on this steel are given in Table 8. 

It was quite evident from these results that 
the steel had not been materially affected by 
the hydrogen treatment, for the specimens were 
tested immediately after quenching. They were 
hard, because of the formation of martensite 
perhaps, and had low ductility, but were 
physically virtually the same as the specimens 
treated in the closed tube. 

It was then decided to select a more sensitive 
material, so Armco iron was chosen. The 
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results of tests and the composition are given 
in Table 9. 

The samples heated in hydrogen all showed 
an appreciable loss in ductility, but in no case 
could the material be classed as brittle. 


ence between those samples pushed into the 
cooling chamber and those cooled with the 
furnace. These figures check with our observa- 
tions over a long period of time. The ductility 
is too great to call the samples bnttle and the 


Table 8 . — Tcsfs on Low-carbon Steel 


i 

Matenal | 

Tensile 
Strength, 
Lb. per 
Sq. in. 

Propor- 
tional 
Limit, Lb. 
perSq In. 

Reduc- 
tion of 
Area, 
Per Cent 

Elonga- 
tion, 
Per Cent 

As received . . . 1 

Heated 2 hr. at 050®C. in hydrogen and water-quenched . 1 

Heated 2 hr. at 9SO®C in a chised iron tube in air and water- 
quenched .... . I 

68,900 

179.000 

188.000 

41.900 

69.900 

68.900 

38 

3 

3 

59.8 

S 2 

4 S 


Table g — Tests on Armco Iron 


Composition, Per Cent 


C. 0.03 per cent; Mn, 0 06; P, below 0.02; S, 0 041; Si, trace 


Matenal 

Tensile 
Strength, 
Lb. per 
Sq In. 

Propor- 
tional 
Limit, Lb. 
per Sq. In. 

Reduc- 
tion ot 
Area, 
Per Cent 

Elonga- 
tion, 
Per Cent 

As received .... . . 

41,900 

15.700 

46 5 

y 8 7 

Heated 2 hr. in hydrogen at 9SO®C and water-quenched. . . . 

Heated 2 hr. at 9SO®C. in closed iron tube in air and water- 

52,400 

38,700 

19 0 

46 a 

quenched ... . . 

Heated 2 hr. at 9S0®C m hydrogen, water-quenched, drawn 16 hr. 

50,900 

17,200 

28.0 

75 0 

at200®C.. . . . . . 1 

! 48,700 

20,000 

28 0 

78 6 

Heated a hr. at i iso®C in hydrogen and water-quenched . l 

Heated 2 hr. at iiso®C m closed iron tube in air and water- , 

48,900 ! 

15,400 

16 5 

31 2 

quenched . . . . 

Heated 2 hr. at i iso®C. m hydrogen, water-quenched and drawn ^ 

49,400 

1 

1S.900 ! 

27 5 

6s 6 

at 200®C. for 16 hr. ... 

47,200 

21,700 1 

37 5 

78 0 


Table 10. — Tests on Copper-brazed Material 


Material 

Tensile 
Strength, 
Lb. per 
Sq. In. 1 

Propor- 
tional 
Limit, Lb. 
per Sq. In. 

Reduc- 
tion of 
Area, 
Per Cent 

Elonga- 
tion, 
Per Cent 

Heated 2 hr. in hydrogen at 9S0®C. sample i pushed into cooler 
and sample 2 cooled with furnace; 

Sample i . . . . , , , . . 

42,700 

17,400 

49 5 

74.7 

Saix^le 2 . . . . ... 

39.400 

15,700 

55 5 

81 8 

Heated 2 hr in hydrogen at iioo®C. sample 3 pushed into cooler 
and sample 4 furnace-cooled 

Samples 

42,400 

24,400 

SI 0 

77 3 

Sample 4 . .... 

39.700 

19,900 

54 5 

80 a 


In order to check our observations on mate- 
rials that had been copper brazed, four addi- 
tional samples were treated (Table 10}. 
The physical properties of ail four of these 
samples are just as good or a little better than 
the as-received material. There is little differ- 


physical properties are too goqd to infer that 
they have been damaged by the hydrogen 
treatment. 

Many Charpy impact specimens with both 
the keyhole and V-notch were also made and 
treated in hydrogen, and in no case did we have 
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an impact value below that of the standard 
sample in the as-received condition, and many 
of them showed values several times greater. 

These findings check those of Dr Uhlig 
in regard to electrolytic iron. If any rifts were 
formed, the physical tests as well as microscopic 
examination failed to reveal them. 

N. P. Goss, South Euclid, Ohio — ^The 
author has presented very interesting data 
showing how hydrogen affects the ductility 
of low-carbon Mn steels and the Hadfield Mn 
steels. That the H2 does not embrittle the 
Hadfield steels is most interesting Perhaps 
further experimental work will bring forth 
the answer. Anyone who reads Uhlig’s paper 
will be impressed by the vast amount of 
further work it suggests. 

In general the embrittlement of some of the 
low-carbon Mn alloys can be explained along 
the lines proposed by Zapffe and Sims, and 
the block structure theory which I have sug- 
gested. [See A.I.M.E. Trans. (1941) 14S, 225, 
and discussion, 265.] 

While line broadening has usually been 
taken to indicate lattice distortion, my oto 
work strongly suggests that it is associated 
with smallness of crystallite size. 

For example, drastically cold-rolled Mn 
steels exhibit X-ray patterns quite similar 
to the one shown in Fig. 6 of the author's 
paper. The hardness of cold-rolled Hadfield 
Mn steels closely approaches that of martensite. 
Surprisingly enough, tempering such steds at 
fairly high temperatures fails to sharpen the 
diffraction lines, and the hardness remains 
about the same. The results of this work will 
be reported some time in the future. 

It would seem that the maximum hardness 
is associated with a limiting crystallite size, 
perhaps of the order of io~^ cm. or smaller. 
Such particles have practically no capacity 
for further deformation, in that the slip 
planes are exhausted. When the forces of 
deformation are applied, they exceed the 
cleavage strength, with the result that failure 
or rupture occurs. In the case of alpha iron 
the (loo) planes are the cleavage planes. 
Slip occurs on the (no) planes and when 
the forces required to induce further slip 
become large enough, cleavage occurs on 
the Cioo). 


G. A. Moore,* Columbus, Ohio. — Dr. 
Uhlig has presented a very satisfactory collec- 
tion of new data on the embrittlement prob- 
lem, in a manner that is especially timely and 
significant, in that it points out some of the 
wa3rs that embrittlement of alloy steels may 
differ from that of pure iron or plain carbon 
steel. I can certainly see no reason to dispute 
his general conclusions. The attempt to 
relate embrittlement to hydrogen analysis is 
worthy, but perhaps premature, inasmuch as 
it will be brought out in the symposium on 
anal3rsis that the methods, including vacuum 
extraction as used here, are subject to serious 
question in respect to absolute accuracy, and 
inasmuch as this method probably gives a 
different approximation for various alloy 
contents, especially w'here there is a change 
of phase The use of analytical figures leads 
to certain involvements in the explanation of 
results, hence it is desirable to point out that 
the conclusions are actually independent of the 
analysis and these involved explanations. 

Mention may be made to two previous tech- 
mcal papers,^®* in which will be found refer- 
ences to the pertinent previous experimenters. 

In regard to the question of the lack or reduc- 
tion of embrittlement effect in the Mn-Fe 
alloys above 14 per cent and in Hadfield steel, 
it may be noted that there appears to be no 
record in the literature of even a single case of 
embrittlement of any metal having the gamma 
lattice. There can be little doubt that em- 
brittlement is associated only with quantities 
of hydrogen over and above the portion that 
can be held in stable solid solution in the 
lattice at the existing temperature and pressure, 
and conversely that the small portion in true 
solution has no effect on the mechanical proper- 
ties. In the references listed, this excess is 
regarded as existing as films of molecular 
hydrogen lying along imperfections or mosaic 
rifts within the grain structure and retained 
under a pressure of the order of thousands of 
atmospheres under embrittling conditions. An 
explanation in terms of a strained, distorted, or 
knotted lattice might be tenable under some 
circumstances, but, in any case, the pressure 


* BatteUe Memorial Institute. 

“ G. A. Moore and D. P. Smith: Occlusion 
and Evolution of Hydrogen by Pure Iron. 
Trans. A.I.M.E. (i939) i 35 » 255-292. 

C. A. Zapffe and G, A. Moore: A Micro- 
graphic Study of the Cleavage of Hydrogenized 
Ferrite. Trans. A.I.M.E. ( 1943 ) X54» 335-359- 
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terra apj^i^ar, either in natural form or dis- 
^ised as the stress necessar>^ to produce the 
distorted condition. 

As a first approximation, the pressure at a 
eiven temperature is: 

p = mrsy 

'A here [H] is the concentration of hydrogen in 
solution and S is the Sieverts’ equilibrium 
solution at one atmosphere and the temperature 
of the experiment. (See Fig. 7 of ref.' 16.) 
WTien part of the gas is in rift openings, H is 
decreased by: 

IHI - = (HaJwt. - 2^ 

where the assumption of equal partition be- 
tween the two states is probably dose enough 
for rough calculations. The pressure necessary 
for embrittlement may be assumed equal to the 
normal yield strength, or about 4000 to 6000 
atmospheres. 

It is thus only necessary to note that the 
Sieverts’ solubility in the gamma 4)hase is 
about twice that in the alpha at qoo^C. and 
that the ratio becomes larger with decreasing 
temperature until at 300®C. it is about 1 X 10”* 
for gamma and immeasurably small for alpha. 
Thus, while the pressure over the alpha phase 
can easily run to 10,000 atmospheres and more 
at low temperature, that over the gamma 
phase is greatly decreased by the greater 
solubility and can hardly exceed the order of 
1000 atmospheres under the most saturated 
conditions. Thus embrittlement of the gamma 
would appear to be impossible with any attain- 
able hydrogen concentration. 

The same pressure differential, of course, is 
basic to the differing diffusion and evolution 
rates of the two phases. However, if it should 
subsequently be shown that the slow rate of 
evolution from the gamma has led to a false 
analysis for alloys 18 and A, rather than to 
decreased hydrogen absorption, the basic fact 
of nonembrittlement of the gamma phase will 
remain imchallenged and logically explicable 
in terms of the pressure values. 

The same reasoning applies to the case of 
18-8 stainless steel. In the epsilon phase, the 
data on equilibrium solubility appear to be 
missing. However, it may be reasoned that, 


since the dense FCC lattice dissolves more 
hydrogen than the open BCC lattice, the 
solubility is associated with the ability of that 
lattice to accept more free electrons. (Copper, 
silver, and gold, wdth the FCC lattice but an 
additional electron, have essentially zero 
absorptive capacity for hydrogen.) Since the 
HCP epsilon lattice can accept even more 
electrons from the hydrogen, the solubility 
is likely to be high in this lattice also; hence, 
the same reasoning will apply as for gamma. 

With regard to the reasoning about pure 
iron and alloy 3, both alpha phase, it is 
apparent that embrittlement would occur if 
the hydrogen concentration were high enough 
and that the low analysis is basically correct 
However, the KSrber and Ploum experiment 
does not stand unopposed and the statement 
that pure iron does not absorb hydrogen is 
not strictly true in the sense in which it is 
applied in the paper. The degree of embrittle- 
ment of the purer irons is in fact quite sensi- 
tive to structure as weU as to the amount of 
the poison-inhibitor elements and of carbon 
The absorptive power in this range is in fact 
autocatalytically increased at high hydrogen 
pressures and hereditary between successive 
treatments. The embrittlement of relatively 
pure iron can become very severe (ref. 16) 
once it has a chance to get a start. It may 
therefore be expected that with other alloy 
samples, slightly less pure or less perfectly 
annealed, or with other treatments slightly 
more drastic in forcing hydrogen into the 
metal, embrittlement of the lower alloys 
will be encountered and entirely different 
analytical values may be obtained. The 
conclusion that alloy 3 cannot be embrittled 
is probably specific to the conditions used, as 
contrasted with the same conclusion for alloys 
18, 22, and A, where the statement probably 
remains true for all treatments. 

H. H. Uhlig (author’s reply). — ^Although 
the present study did not extend to effect of 
formation of “flakes” or internal cracks, Dr. 
Cramer’s point is well taken that on going to 
large cross sections of Hadfield manganese 
steel, such defects might be evident. However, 
there are reasons for believing that whatever 
the cross section of this particular alloy, 
ndther embrittlement nor internal cracking 
would occur. 
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The first reason is based on analyses of 
hydrogen in specimens heated at iooo®C. in 
hydrogen and water-quenched. The value 
obtained is 5.5 X 10“"^ wt. per cent as compared 
with Sievert’s solubility value of 5.2 X io“< 
wt. per cent for iron at iooo°C. The close 
correspondence is evidence that very little 
of the hydrogen that dissolves at elevated 
temperatures escapes on quenching to room 
temperature, and, in fact, the diffusion rate 
is so low in this gamma-phase alloy that loss 
of hydrogen at room temperature is only very 
slight. Hence, the amount of retained hydrogen 
would be the same regardless of cross section, 
and any defects expected for large specimens 
would probably be apparent in small specimens. 
This is in contrast to the situation for a mild 
steel for which rapid loss of hydrogen on cooling 
accounts for very different over-all hydrogen 
anal3rses depending on the cross section of the 
steel. 

The second reason centers on the relatively 
high solubility of hydrogen in austenitic steels 
and lack of 7 a transformation on cooling. 
These facts combine to account for absence 
of the same high internal pressures of hydrogen 
as are generated on quenching low-alloy steels. 
Embrittlement does not take place, therefore, 
and “flaking” likewise should be absent. As 
an example of an austenitic steel, 18-8 is 
reported to be free of “flake” formation.^’ 
Similarly, one would expect an austenitic steel 
of Hadfidd composition of any cross section 
to be free of internal cracks caused specifically 
by hydrogen. 

Mr. Kdley*s data on Armco iron show that 
as the cross section is increased to H in. the 
effect of hydrogen on ductility becomes notice- 
able. Efis mild-sted specimens, whether water- 
quenched from hydrogen or from air, are 
equally brittle, in agreement with results of 
the present investigation. Microscopic exami- 
nation of our spedmens proved that the 
embrittlement is accompanied by appearance 
of martensite. 

One would not expect embrittlement or loss 
of ductility in a relativdy pure iron of small 
cross section (approximatdy o.x6o in. or less) 
no matter how rapid the quench from high 
temperatures in hydrogen. The reason, as gas 

W. Eilender, Y. Ch£h Chiu, and P. 
Willems: Archiv EiserthutUnwesen (1940) 13, 
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analyses show’, is that hydrogen escapes during 
cooling, allowing a remainder of gas insufficient 
to have an appreciable effect on the mechanical 
properties. 

It will be interesting to have Dr. Goss' 
account of his reasons for believing that the 
X-ray pattern of Fig. 6 is assodated with 
crystallite size rather than lattice distortion. 

Dr. Moore's caution with regard to vacuum- 
extraction results for hydrogen in steels to 
some extent is justified. Work reported by 
Bennek and Klotzbach^® pointed out that the 
vacuum-extraction method gives low results 
as compared with a low-temperature fusion 
method emplo5dng tin. Our owm work on gas 
analyses so far indicates results in the same 
direction. For that reason, we labelled our 
analyses “preliminary.” We believe, however, 
that analyses of this kind, giving at least the 
order of magnitude of hydrogen involved, is 
far preferable to omitting analyses altogether. 
The vacuum-extraction results have given us 
added information about the effects of hydro- 
gen in iron and in allo}^ with manganese, the 
condusions from which, we believe, will be 
altered in only a minor way by future accepted 
techniques of analysis, whatever these may be. 

Although Dr. Moore's argument regarding 
lack of embrittlement of gamma-phase allo37s 
applies to hydrogen retained on quenching, 
a word of caution is necessary m the interpre- 
tation of his statement that no record exists 
for the hydrogen embrittlement of these 
alloys. Many metals of the face-centered cubic 
lattice, such as nickel, can be seiiously em- 
brittled by cathodic polarization. By this 
treatment, hydrogen in suffident quantity is 
introduced into the lattice to cause the same 
type of embrittlement as occurs through 
quenching some of the carbon steels from high 
temperatures in hydrogen. 

Our work on absorption of cathodic hydrogen 
by pure iron as affected by catalyst poisons 
confirms that of Kdrber and Ploum. It points 
to impurities adsorbed on or contained in the 
surface as the factors determining whether 
cathodic hydrogen is absorbed within the 
lattice or not. None of our results so far has 
shown any effect of so-called “structure” of 
pure iron. 


u H. Benndc and G. Klotzbach: StaU und 
Risen (1941) 6z, 597-606. 
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substantially constant load, the “lower 
yield point,” and the amount of extension 
at this load the “yield-point elongation.” 
With the initial sharp drop in load, local 
areas of deformed metal appear and grow 
over the surface until the entire specimen 
is deformed an amount equal to the strain 
in the first such localized region. When the 
entire specimen has been thus deformed, the 
load begins to rise again and proceeds along 
a normal load-extension curv^e During the 
yield-point elongation the deformation is 
heterogeneous, deformed metal existing 
adjacent to undeformed metal, with the 
progress of deformation at any instant 
localized at the boundary between the 
deformed and undeformed metal. If the 
test is stopped before the entire specimen 
is strained “through the yield point,” 
it is found that a portion of the specimen is 
reduced in thickness while the remainder 
still retains its initial dimensions. The 
phenomenon thus gives rise to irregularities 
in the surface, which were jSrst observed 
by Piobert* and later by Liiders* and first 
studied in detail by Hartmann,* The forma- 
tions of these strain markings has been 
called the “Piobert effect,” and the mark- 
ings themselves have been called “Lilders’ 
lines,” “Hartmann lines,” “stretcher 
strains,” “worms” and other names. 

In ordinary precipitation-hardening or 
**quench-aging” of the duralumin type, an 
alloy that exhibits decreasing solubility 
with decreasing temperature is heated to 
a sufficiently high temperature to dissolve 
some or all of the solute constituent and 
then cooled rapidly. It is then found that 
the physical, chemical and mechanical 
properties change with time. This change 
in properties with time has been termed 
“aging” or predpitation-hardening. In 
strain-aging, the tendency toward aging is 
produced not by solution annealing fol- 
lowed by quenching, but simply by strain- 
ing the metal. Thereafter, the properties 

review of the literature and a bibliog- 
raphy are at the end of the paper. 


of the metal change with time in a manner 
somewhat similar to that encountered in 
normal aging. 

The yield-point effect and strain-aging 
have both been observed in other alloys, 
but not to the degree to which they are 
encountered in low-carbon steels. Both 
these phenomena have been the objects of 
numerous investigations and the literature 
dealing with them is extremely voluminous. 
Nevertheless, many questions still remain 
to be answered. While numerous hypotheses 
of the mechmism of the yield point have 
been proposed, these, for the most part, 
must still be classed as surmises which are 
yet to be substantiated by direct experi- 
mental evidence. Similarly, the mechanism 
by which strain-aging occurs remains to be 
explained. Presumably, this is a precipita- 
tion phenomenon in which a predpitation- 
hardening process is initiated by cold 
deformation, but whether by solution and 
repredpitation or by a change in solid 
solubility resulting from plastic deforma- 
tion, or by some other means, has never 
been demonstrated dearly. 

With regard to the question of whether or 
not pure iron exhibits a yield point and 
strain-aging and which impurities com- 
monly present in steels may be responsible 
for the two effects, the evidence is confused. 
In general it appears that the 3deld point is 
still observed in the purest iron yet pro- 
duced while vacuum-melted electrolytic 
iron of a lesser degree of purity has a less 
marked yield point. Considerable evidence 
has accumulated to show that carbon, 
nitrogen and oxygen, individually or 
collectively, may be responsible for strain- 
aging. For the most part, however, this 
evidence is indirect and open to more than 
one interpretation. In the present work evid- 
ence is presented to support the view that 
pure iron should not exhibit either a yield 
point or strain-aging and, further, that car- 
bon and nitrogen are primarily responsible 
for these two attributes of commercial steels, 
while ojg^gen is relatively unimportant. 
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Having accomplished the elimination of 
aging and the yield point by purification, 
without the introduction of alloying ele- 
ments, it became possible to ascertain which 


for the wet hydrogen treatment itself 
increases the oxygen content of steel, and 
annealing under oxidizing conditions at the 
same temperature used in the wet hydrogen 


Table i. — Ladle Analyses of Steels Used for Experiments with W et Hydrogen Annealing 


Steel No. 

Type 

Sheet 

Thickness, In. 

Analysis, Per Cent 

C 

Mn 

P 

s 

Si 

T 

Rimmed 

0 036 

0.05 

0.30 

0 010 

0.024 

0 003 

T-i 

Killed- 

0 036 

0 05 

0 30 

0 007 

0 022 

0 005 

T -2 

Killedo 

0.036 

0 05 

0.33 

0.007 

0 020 

0.007 

T -3 

Rimmed 

0 0365 

0 08 

0.38 

0.008 

0 020 

0 007 

T -4 

Rimmed 

0 0335 

0 08 

0 39 

0 010 

0.014 

0 006 

S -9 

Killed* 

0 033 

0 08 

0.33 

0 006 

0 032 

0.002 

Th -6 

Rimmed 

O.III 

0 06 

0.33 

0.008 

0 027 

0 004 

Th-i 

Rimmed 

0 0382 

0 06 

0.36 

0 010 

0.022 


C -3 


0 035-0.036 

O.IO 

0 S 3 

0 010 

1 0.029 

0 005 

C -2 

Killed 

0 035-0.037 

0.23 

0 48 

0 . 0 X 0 

: 0.025 

0 005 

C-i 

KiUed 

0 036-0.037 

0 36 

0 67 

0 010 

0.030 

0 13 

Bessemer 

Capped 

0.042 

0 07 

0 40 

0.088 

0 028 

0 028 

S -2 

Rimmed 

0 035 

o.os 

0 37 

O.OI 

0 . 0 X 5 

0 004 


« Aluroinum-ldlled. 


elements are responsible for these proper- 
ties, by introducing different elements, one 
at a time, and observing which ones caused 
the return of aging and the yidd point. 
This was done very carefully to preclude 
the possibility of introducing more than 
one dement at a time. It was not necessary 
to study many of the elements, particularly 
the common metallic allo3dng elements, 
which have been found either to be without 
effect on yidd point and aging behavior 
or to cause thdr disappearance. Phosphorus 
and sulphur are unaffected by the low- 
temperature wet hydrogen treatment and 
so, along with the metallic alloying 
dements, need not be considered as causes 
of these effects. 

It has been established that the rein- 
troduction of carbon and nitrogen, singly or 
together, causes the yidd point and strain- 
aging to reappear. Veiy short times of 
carburizing and nitriding are necessary to 
accomplish this. The amounts of carbon 
and nitrogen necessary to cause aging and 
the jridd point are less than the amounts 
that can be detected by chemical analysis, 
probably less than 0.001 per cent by weight. 
Oxygen in small amounts seems to have no 
effect on the yidd point and strain-aging, 


treatment caused no return of these proper- 
ties. On the other hand, oxidizing annealing 
at 885® and 940® C., while causing too 
much grain coarsening to permit condu- 
sions concerning its effect on the yield 
point, certainly causes a partial return of 
strain-aging capadty. It is conduded that 
in normal rimmed or killed steels of the 
grades used in deep-drawing applications, 
the yield point and strain-aging capadty 
are caused by the presence of carbon and 
nitrogen, both of which can cause these 
effects when present in amounts less than 
are always present in these steels. 

Materials and Methods 

For the most part, the experiments to be 
described were conducted using low-carbon 
basic open-hearth sheets of deep-drawing 
quality. The major portion of the work was 
carried out on the first five steels of which 
analyses are shown in Table i. 

Changes in mechanical properties pro- 
duced by annealing in wet hydrogen were 
determined by means of Rockwell hardness 
tests and tensile tests. All tensile tests 
were made with standard A.S.T-M. sheet 
specimens (2-in. gauge length) using 
Templin ^eet grips. A Kenyon-Bums- 
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Young wedge exten&ometer was used in 
conjunction with an autographic recorder. 
All tensile tests, unless otherv^ise noted, 
were conducted with a speed of head move- 
ment of approximately 0.25 in. per minute. 
This was the highest speed at which it was 
possible to obtain accurate load-extension 
cun'es with the autographic equipment 
used. 

The loToer yield-poiut was calculated 
using the mean load prevailing during 
the yield-point elongation as estimated 
from the autographic curve. 

The yield-point dongation was taken as 
the total elongation to the end of the yield 
point as recorded on the autographic curve. 

The tensile strength was calculated from 
the maximum load observed on the indi- 
cating dial of the tensile machine. 

The ujtiform dongation (i.e., elongation 
to the maximum load) was obtained by 
noting the point at which the indicated 
load began to decrease and simultaneously 
lifting the pin of the recorder momentarily. 
The reported values are not thought to be 
more accurate than plus or minus i.o per 
cent elongation in 2 inches. 

The total or bench dongation values, which 
are reported simply as "elongation in 
2 in.” vrere obtained by fitting the frac- 
tured specimens back together and measur- 
ing the distance between two punch marks 
which originally had been 2 in. apart. 

Throughout the discussion the term 
yidd strength is used without defining any 
limiting permanent set. When so used, what 
is meant is the stress at which the auto- 
graphic load-extension curve departs from a 
straight line. It has not been called the 
proportional limit because the sensitivity 
.of the strain-measuring device used hardly 
justifies the use of this latter term. 

As a measure of strain-aging, it was 
decided to use the percentage increase in 
yield strength caused by aging after strain- 
ing. A tensile specimen was first strained 
8 or 10 per cent and then unloaded and 
removed from the machine. Thb specimen 


was aged for 3 hr. at 200®C. and reloaded 
in the tensile machine to fracture. The two 
autographic load-extension curves were 
superimposed to observe the amount by 
wHch the curve for the aged condition lay 
above the curve for the unaged. The time 
and temperature of aging following initial 
straining were kept constant at 3 hr. and 
200®C. throughout the investigation. This 
time and temperature were chosen because 
the results of Davenport and Bain^^ and 
Kenyon and Bums^^ indicated that at this 
temperature a very marked increase in 
hardness is obtained, while the necessary 
time to produce the maximum effect is not 
unduly long. In addition, the curve of 
hardness against time at this temperature 
has a sufficiently fiat maximum so that 
considerable variation from the specified 
time might be used without appreciably 
infiuendng the result. Most of the strain- 
aging tests were made using 10 per cent 
strain. This amount of strain was chosen as 
the least amount that would ensure uniform 
strain of the specimen; i.e., completely 
through the yield point. 

The wet-hydrogen annealing furnace 
consisted of a 48-in. length of 2-in. i.d. steel 
tubing wound with Nichrome wire and 
surrounded by approximately 3 in. of Sil- 
0 -Cel insulating powder over 30 in. of its 
length. Approximately 12 in. of the tube at 
the top was not heated, and this provided 
a cold zone into which the specimens could 
be raised at any time. The sheet tensile 
specimens to be treated were suspended 
from wires, which projected through a 
rubber stopper at the top of the furnace 
These wires were used to raise and lower 
the specimens in the furnace and, by meas- 
urement of the amount of wire projecting, 
the specimens could be accurately located 
in the furnace so that the center of the 
reduced section was on a level with the end 
of the thermocouple protecting tube. The 
welded sted thermocouple-protecting tube, 
which also was inserted through the rubber 
stopper, was adjusted so that the end of the 
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tube was at the mid-point of the 3-in. 
uniform-temperature zone of the furnace. 
The furnace was arranged so that during 
heating and cooling dr>' tank hydrogen 
could be circulated, entering directly from 
the tjink supply. When the furnace had 
reached the desired temperature, the drj- 
hydrogen was turned off and hydrogen 
from the tank supply then flowed through a 
fritted glass dispersion tube, through water 
in a saturator, through a tube (heated to 
prevent condensation) to the furnace, 
through the furnace, through a second 
heated line to a condenser and finally to a 
flow meter. The wet hydrogen was allowed 
to flow through the system for about 1 5 min. 
before the specimens were lowered into the 
hot zone. Usually all of the specimens 
would be lowered into the hot zone at one 
time and then pulled up individually at 
the end of the desired time of treatment. 
The vapor pressure of water in the wet 
hydrogen was controlled by controlling 
the temperature of the saturator 

Changes in Properties and Composition 
Produced by Annealing in 
Wet Hydrogen 

Annealing low-carbon sheets in wet 
hydrogen has been found to diminate 
completely the yield-point elongation that 
is typical of these steels, to lower the 3deld- 
point stress to values less than have been 
reported previously even for the purest iron 
(fine-grained) and to eliminate all traces of 
both strain-aging and quench-aging. The 
principal changes in composition that have 
been observed are a marked lowering of 
the carbon and nitrogen contents while the 
oxygen content (as determined by vacuum- 
fusion methods) is unaffected or slightly 
increased. The only observable change in 
microstructure accompanying these changes 
is a disappearance of visible carbides and a 
decrease in the sharpness of the ferrite grain 
boundaries as developed by etching. 

In the course of a great many treatments 
involving a large number of different heats 


of steel, only two exceptions to these 
statements have been found. In attempting 
to treat a low-carbon bessemer steel by 
this method, no difficulty was encountered 
in eliminating strain-aging, but it was not 
found possible to eliminate completely 
the last traces of the yield point, even for 
times of annealing up to five times that 
required for open-hearth steel in the same 
sheet thickness. Annealing in wet hydrogen 
does, however, markedly lower the >ield- 
point stress and the yield-point elongation. 
The other exception that was found was 
low-metalloid vitreous enameling sheet. No 
difficulty was encountered in eliminating 
strain-aging, but the original small amount 
of yield-point elongation was not sub- 
stantially affected by the treatment. 

The manner in whidi the yield-point 
elongation is eliminated by annealing in wet 
hydrogen is illustrated by the set of load- 
extension curves reproduced in Fig. i. 
Curve 4 is t>T>ical of the results obtained 
by complete annealing in wet hydrogen. 
In the fully treated specimen, no drop in 
load or yield-point elongation occurs and 
the yield strength has been reduced from 
approximately 33 ,000 to 14,000 lb. per sq. in. 
The load-extension curve now is similar to 
the nonferrous materials that have a 
** normal” stress-strain curve. This elimina- 
tion of the yield-point elongation means 
that the material no longer is capable of 
forming Liiders lines or of “fluting” when 
bent. A similar disappearance of the yield- 
point elongation occurs if the ferrite grain 
size is gradually increased in a series of 
specimens, as Edwards and Pfeil®^ and 
Andrew and Lee®® have shown, but to 
eliminate it by this method requires the 
production of a very large grain size (six 
to eight grains per square millimeter in a 
sheet in. thick) whereas a specimen such 
as No. 4 in Fig. i will have a grain size of 
approximately 1000 grains per sq, mm. 
(A.S.T.M. No. 7). It is common practice 
to diminate the yield-point dongation in 
low-carbon steels by temper rolling or 
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roller leveling. For rimmed steelb, this 
elimination is only temporary, since 
these steels strain-age. While “nonaging*’ 
steels are being produced, they are neces- 
sarily killed steels and hence more expensive. 


per inch. The specimens were carefully 
aligned using Robertson shackles in 
conjunction with Templin sheet grips in 
order that the true yield-point behavior 
might not be obscured by nonuniform 




RIMMED STEEL TREATED IN WET HYDROGEN 

I - 0.75 HRS AT 725®C 
2-150” ” ” ” 

3 - 300 “ " “ “ 

4 - 5.50 •' ” “ •' 

(SHORTER TIME REQUIRED WITH HIGHER hfeO VAPOR PRESSURE) 
(sheet THICKNESS- 036 “) 

ib is 20 25 30 35 40 45 

ELONGATION, PER CENT IN 2 INCHES 
Fig. I. — Effect of wet hydrogen treatment on tensile properties of sheet steel. 



ELONGATION, PER CENT IN 2 INCHES 

Fig 2. — Typical high-sensitivity stress-strain curves for box-annealed and wet- 

KYDROGEN-XREAXED SHEET STEEL. 


In order to examine the yidd-point be- 
havior more dosely, load-extension curves 
for a wet-hydrogen-treated specimen and a 
box-annealed spedmen were made using 
Tuckerman optical strain gauges and a 
very slow rate of straining. The strain 
gauges have a sensitivity of 2 X io“* in. 


loading. The curves obtained are repro- 
duced in Fig. 2. The box-annealed specimen 
shows a drop at the yidd point of about 
3500 lb. per sq. in. and a yield-point dongar 
tion of 3.5 per cent. The wet-hydrogen- 
treated specimen has no drop in load on 
yidding and no flat portion to the curve, 
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although the slope of the curve up to o.i 
per cent extension is less than that above 
O.I per cent. 

The effect of increasing time of annealing 
in wet hydrogen on both strain-aging and 


Table 2 and Fig. 4, all the strain-aging 
measurements were made without appljdng 
any correction for relaxation. It was found 
without exception that the time of hydro- 
gen treatment to remove strain-aging is 


Table 2. — Effect of Time of Annealing in Wet Hydrogen at 7io®C. 

Steel T-3 (Rimmed). Partial Pressure H2O, 216-218 mm. Hg. (29.5 volume per cent); 10 per 
cent strain; aged 3 hours at 2oo®C. 


Annealing 
Time, Hr. 

Hardness, 
Rockwell B 

Lower Yield 
Point, Lb. 
per Sq. In. 

Yield-ixunt 
Elongation. 
Per Cent in 
2 In. 

Tensile 
Strength,® 
Lb. Sq. 

Uniform 
Elongation,® 
Per Cent in 
2 In. 

Bench 
Elongation,® 
Per Cent in 
2 In. 

Strain 

Aging. 

Per Cent 

I 

mm 

38,000 

7.5 

52,500 



29.6 

1.2 


37.500 


50.500 

14 

24 0 

33.5 



35.000 

8.6 

44.500 


31.0 

20.6 

I 0 


34.500 

f 5 

42.500 

26 

37.0 

17 5 

I 8 

4 S 

34.000 

8.0 

41.500 

29 

42. S 

8.7 

2 0 

43 

34.000 

7.0 

41.000 

32 

44 0 

l.S 

2.2 

42 

33.000 

6 .S 

41*500 

33 

47.0 

0.0 


43 

33.000 

6 0 

41,500 

32 

45.0 

0.0 

2.6 

39 

22,000 

l.S 

41.000 

32 

45 0 

0 0 

2.8 

35 

17.000 

0-5 

41.000 

32 

47 5 

0.0 

2.8 

31 

14.000 

0.3 

40.000 

32 

47.5 

0.0 

3.0 

32 

I4.SOO 

0.0 

41.000 

31 

48 0 

0.0 

3 2 

32 

15.500 

0.3 

41.000 

29 

46.0 



32 

14.SOO 

0.0 

39.000 

32 

46. 5 


3.6 

32 

15.000 

0.0 

41*000 

29 

44.5 



« As strain-aged. 


the yield point is illustrated in the load- 
extension curves of Fig. 3. More data are 
given in Table 2, and summarized in Fig. 4. 

In addition to numerous tests for strain- 
aging in which specimens were aged at 
200® C., a number of fully treated specimens 
were strained 10 per cent in tension and 
aged at 25®C. for varying times up to 139 
days (3332 hr.). None of these specimens 
showed any evidence of strain-aging or 
return of the yield point. 

To obtain a correction to take into ac- 
count the amount of relaxation of yield 
strength during the aging treatment, a 
number of specimens were treated with 
wet hydrogen for 5 hr., pulled, and aged in 
the same manner; then the amount of 
rdaxation (expressed as decrease of 3deld 
strength after aging treatment) was meas- 
ured. The total strain-aging (corrected for 
relaxation) seems to be independent of the 
amount of plastic deformation as long as 
the plastic deformation is uniform (see 
Table 3). 

In the experiments summarized in 


considerably shorter than that necessar>' 
to remove yield-point elongation. This is at 
once understandable if relaxation is taken 


Table 3. — Effect of Relaxation on the 
Apparent Amount of Strain-agings 


Amount of 
Straining, 
Per Cent in 

2 In. 

Amount of 
Aging,^ Lb. 
per Sq. In. 

Rdaxation,® 
Lb. ^er Sq. 

Total Aging 
Corrected 
for Relax- 
ation. Lb. 
I>er Sq. In. 

I 

1*720 



SI 

5,830 



10 

8.840 

1,390 

10,230 

IS 

7.910 

2,240 

10.150 

20 

7.330 

2,880 

10,310 

25 

7,080 

3,160 

10,240 


• The steel used was T-2, killed; originally full hard 
temper. 

^ The aging treatments were all 3 hr. at 200**C. 
The amount of aging was determined on specimens 
vacuum annealed 5 1u. at 700*’C. 

«The amount of relaxation was determined on 
specimens treated with wet hydrogen 5 hr. at 700'’C. 

into consideration. Specimens that have 
been treated with hydrogen to the removal 
of strain-aging (without applying a cor- 
rection for relaxation) really show an 
amount of strain-aging corresponding to 
the amount of rdaxation. Thus, 'it is 
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reasonable to suggest that the times 
required to eliminate strain-aging and to 
eliminate the jield point are probably the 
same. 


with time at room temperature as a meas- 
ure of aging in sheets treated in hydrogen 
containing large amounts of water vapor. 
The specimens used were suspended in a 



Fio. 3. — Efeect or time or wet hydrogen treatment on tensile properties op sheet 

STEEL, INCLUDING STRAIN-AGING. 


Blimination of Quenck-aging 

Steels decarburized in fairly dry hydrogen 
have been shown to be free from aging after 
quenching.’^® Quench-aging experiments 
were carried out using change in hardness 


silica tube and heated to 700® or 72o®C. for 
M hr. and then quenched into ice water 
directly from the furnace. The top end of 
the silica tube was closed with a rubber 
stopper provided with a gas outlet. The 
lower end of the silica tube was immersed 2 





TIME IN HOURS 

(^TER QUENCHING) 

Fig. 5 . — QueNCH-AGINO in WEX-EreSKOGEN-XBBATED AND IN BOX-ANNEA3LBD TCnXND SHEET STEEL. 
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or 3 in. in the ice water, making a gas-tight 
system. During heating, tank hydrogen 
was circulated through the silica tube to 
prevent oxidation of the specimen. The 


sheet were made using the T-15 scale of 
the superficial Rockwell, and on the 
o.iii-in. sheet using the B scale of® the 
standard Rockwell. The results of these 



Fig. 6. — Qxtench-aging in wet-hydrogen-treated and in box-annealed rimmed sheet steel. 


first hardness readings were taken about 
one hour after quenching, and the speci- 
mens were then put in a constant-tempera- 
ture room at 25®C., and taken out only 
long enough to make the hardness measure- 
ments for the remainder of the time of 
aging. 

Two different steels were used. The first 
of these was an aluminum-killed 0.033-in. 
thick sheet, and the second was a o.iiz-in. 
thick rimmed steel sheet. Analyses of the 
steels before treatment are given in Table i, 
where they are listed as S-g and Th-6. 
The untreated specimens were cut from the 
full-hard sheets as received, and the treated 
specimens were cut from 14 by i6-in. 
sheets that had been treated in wet hydro- 
gen in a laboratoiy sheet-annealing furnace. 

The 0.033-in. sheet was treated for 5 hr. 
and the o.iii-in. sheet was treated for 
21 hr. Hardness readings on the 0.033-m. 


aging experiments are shown in Figs, s and 
6. While there is some scatter in the results 
of the hardness tests, particularly in the 
0.033-in. material, which was somewhat 
bent as a result of quenching, there is 
clearly no increase in hardness on aging 
after quenching the wet-hydrogen-treated 
steels. 

Changes in Composition Residtmg from 
Annealing in Wet Hydrogen 

In view of the fact that a review of the 
literature concerning the hydrogen purifica- 
tion of iron indicated that, at the tempera- 
ture used, the wet hydrogen treatment 
might be expected to affect principally the 
carbon, nitrogen and o^gen contents of 
the steels used, no very careful check of 
changes in the other common impurities 
was made. The following analyses of the 
T steel before and after annealing in wet 
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hydrogen for 3 hr. at 725^0. also tend to 
support this view: 



Mn 

P 

S 

Si 

Steel T not treated. . . 
Steel T hydrogen- 
treated to eliminate 
aging and the yield 

0 

0 

O.OIO 

0.024 

d 

point 

o.Sij 

0.010 

jo. 026^0. 002 


In view of the fact that wet hydrogen 
annealing has been used to introduce 
oxygen into iron, it is hardly likely that the 
hydrogen treatment as now carried out 
would reduce the oxygen content of the 
metal. As Elrings and Kempkens^* have 


saturation limit, at which point FeO will 
begin to form on the surface. Since the 
speed with which the yield point and aging 
are eliminated increases with increasing 
water content of the gas mixture, it does 
not appear likely that these results are 
attained by the removal of oxygen from 
the steel. That the oxygen content is not 
reduced, but may even increase slightly, 
is evident from the results of vacuum-fusion 
analyses made on treated and untreated 
sheets and shown in Table 4. 

Despite some scatter in the results, 
oxygen appears to increase rather than 
decrease as a result of the hydrogen treat- 
ment; the nitrogen content for the rimmed 
steel decreases as a result of the treatment, 


Table 4. — Analyses of Treaied and Untreated Sheets 
Pee Cent 


Steel 

Type 

Condition 

Mn 

P 

Si 

N« 


Oi 

S-i 

Rimmed 

Treated 

0.35 

0.007 

o.oox 

0.0006 

0 00024 

0.0235 



Not treated 

0.37 

0.008 

0 003 

0.0033 

0 00026 

0.0x85 

S -9 

KiUed 

Treated 

0.33 

O.OII 

0.003 

0.003O 

0.000x8 

0.0x13 



Not treated 

0.3s 

0.008 

0.005 

0.0046 

0 00026 

0.0X03 


« Wet method. 

* Vacuum fusion. 


Table 5. — Effect of Time of Treatmenl on Properties and Analysis 
Steel Th-6. Treated at 720®C. with 30 per cent water vapor. Sheet thickness, 0.1 ii inch. 


•nmc 

of 

Treat- 

ment, 

Hr. 

Rock- 
well B 

Lower 
Yield 
Point. Lb, 
per Sq. In. 

Yield- 
point 
hlon^ 
tion. Per 
Cent in 

3 In. 

TensQe 
Strength, 
Lb. ^Sq. 

Uniform 
Elon^ 
tion. Per 
Cent in 

2 In. 

Bench 
Blong^ 
tion, Per 
Cent in 

3 In. 

Strain- 
aging. 
Per Cent 

C.Per 

Cent 

N, Per 
Cent 

0 “ 

43 

30,400 

5.6 

47.500 

32.7 

36 

25.0 

0.06 

0.0036 

8 

33 

29.700 

6.3 

40,300 

27.5 

44-5 

iS.o 

0.0035 

0.00x2 

9 

33 

39*000 

6.3 

39.^0 

25.5 

47 

14.5 

0.0040 

0,0017 

zo 

32 

35,600 

4.0 

38,800 

31.2 

49 

5. 5 

0.0034 

0.0012 

II 

30 

31,300 

I-S 

38,400 


50 

0.0 

0.0087 

0.0014 

Z 3 

30 

17.900 

0.6 

38,800 

31.6 

51 

0.0 

0.0034 

0.0014 

13 

36 

15.200 

0.2 

38,800 

30.1 

SO 

0.0 

0.0029 

0.0014 

I3K 

33 

14.400 

0.3 

38,400 

31.0 

49 

0.0 

0 0038 

0.0014 

IS 

30 

13,700 

0.5 

38,400 

31 0 

49.5 

0.0 

O.OO3Z 

0 0014 


• Vacuum annealed. 14^ hr., 730°C. 


shown, at any given temperature and 
partial pressure of water there will be an 
equilibrium amount of oxygen in solid 
solution in alpha iron, the amount of 
oxygen in solution increasing as the partial 
pressure of water increases up to the 


while that of the aluminum-killed steel is 
substantially unaffected. In every case the 
hydrogen content of these sheets both be- 
fore and after treatment is negligibly small. 

In an effort to fix more precise limits for 
the carbon and/or nitrogen content neces- 
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sary if a steel is to exhibit a yield point and 
strain-aging, a series of specimens was 
prepared in which all conditions were 
represented, varying from no hydrogen 
treatment through sufficient hydrogen 
treatment to eliminate completely both 


properties from normal yield point and high 
percentage of strain-aging to no strain- 
aging and no yield point. The nitrogen and 
carbon have been removed to the limit of 
chemical analysis before any appreciable re- 
dneiion occurs in the yield point or in the 



Fig. 7. — Epeect of tiue op wet hydrogen treatment on carbon and nitrogen analysis, 

TENSILE PROPERTIES AND STRAIN-AGING IN HEAVY-GAUGE SHEET STEEL (o.III-INCH TflICR RIMMED 

steel). 


strain-aging and yield point. Table 5 
shows the mechanical properties together 
with the carbon and nitrogen anal3rses of 
this series of specimens. These results are 
also plotted in Fig. 7. All of these specimens 
were cut from a single sheet of the o.ii i-in. 
thick, full-hard temper, rimmed steel. 
The specimens chosen have a full range of 


degree of strain-aging. As far as the anal3rses 
shown are concerned, these two elements re- 
main imchanged while a marked change is 
occurring in the yield point and strain- 
aging behavior. 

Carbon analyses were carried out under 
the direction of Dr. J. B. Austin, in a special 
carbon-determination train in the United 
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States Steel Corporation Research Labora- 
tory, Kearny, N. J. The apparatus used 
and the method of analysis were essentially 
the same as those described recently by 
Wooten and Guldner.^® Nitrogen analyses 
were carried out in the chemical laboratory 
of the Homestead Steel Works of the 
Carnegie-Illinois Steel Corporation. The 
add digestion and distillation method 
described in “Sampling and Analysis of 
Carbon Steels”®® was used. 

On the basis of these analyses, two possi- 
bilities suggest themselves. First, that the 
radical change in the yield point and strain- 
aging behavior is not a result of the loss 
of carbon or nitrogen during the hydrogen 
treatment, but results from some other 
change in composition which was not 
detected. Second, that despite the fact 
that the analyses reported here were 
obtained by means of high-predsion 
analytical methods, the changes in carbon 
and nitrogen responsible for the marked 
change in mechanical and aging properties 
are so small as to escape detection. The 
latter possibility is believed to represent 
the true state of affairs. This belief is 
based on certain experiments to be de- 
scribed later, in which hydrogen-treated 
spedmens were subjected to carburizing 
and nitriding treatments. In these experi- 
ments, it was found that dther of these 
treatments caused a return of the yield 
point and strain-aging. 

Changes in Microsiructure Accompmying 
Hydrogen Treatment 

In most of the hydrogen treatments 
carried out in the course of this investiga- 
tion, the starting material was in the full- 
hard condition (cold-rolled 45 to 55 per 
cent). For this reason, recrystallization 
occurred during the treatment and ob- 
scured any other changes that might be 
taking place. However, some treatments 
were carried out with fully annealed sheets 
as the starting material. In addition, 
several series of spedmens exhibiting 


various degrees of strain-aging and thr 
yield point were examined. 

The first effect of the hydrogen treat- 
ment was to cause a complete disappear- 
ance of all visible carbides. This disap- 
pearance, however, took place before there 
was any marked reduction in the yield 
point or strain-aging. In etching for 
carbides, the nitrobenzol-nitric acid re- 
agent described by Pilling®^ w^as found to 
be a more satisfactory reagent than nital, 
picral or alkaline sodium picrate. In 
addition to outlining the carbides, this 
reagent imparted a pale but distinct color 
to the carbide partides, so that they could 
readily be distinguished. During disappear- 
ance of the 3deld point and strain-aging, the 
only apparent change wsfs a decrease in the 
contrast between the grain boundaries and 
the grains themselves when nital (4 per 
cent) was used as an etchant. For example. 


Tabue 6 . — Efect of Temperature of Wei 
Hydrogen Treatment on Grain Size 


1 

Temperature of 
Hydrogen Treat- 
ment, Deg. C. 

A.S.T.M. Grain 

1 Size Xo. 

Approximate 
Grains per Sq. 
Mm. 

710 

7 to 8 

1.526 

7 SO 

7 ^ 

1.034 

800 

850 

5 to 6 

4 to 5 and I 

^9^ and i6 


if specimens treated for varying times were 
mounted and etched together, the speci- 
men treated for the least time, and there- 
fore still showing a yield point and strain- 
aging, would exhibit sharply defined grain 
boundaries, whereas the specimens that 
had been fully treated did not. In the 
latter case, considerably longer times of 
etching were required to devdop the grain 
outlines. In examining the partially and 
fully treated specimens at high magnifica- 
tion (2000 X), the difference in “sharp- 
ness” of the grain boundaries did not 
appear to result from the presence or 
absence of a second phase. No evidence for 
a grain-boundary network of a second 
phase was found. 
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The ferrite grain size resulting from 
annealing in ivet hydrogen was found to 
be substantially the same as that obtained 
for the same materials by box annealing, 
using mill practice. This was true whether 
the starting material was full-hard cold- 
reduced sheets or sheets that had been 
box-annealed at the mill. Table 6 lists the 
grain sizes obtained at several tem- 
peratures where the time at each tem- 
perature was the minimum required for 
complete elimination of the yield point and 
strain-aging. 

For most of the forming operations in 
which low-carbon sheets are used, the 
maximum grain size that may be tolerated 
without undue surface roughness is ap- 
proximately A.S.T.M. No, 6. Since the 
optimum temperature range for the hy- 
drogen treatment lies below 75o®C., this 
requirement is readily met. 

Summary 

The following changes are observed 
when low'-carbon steel of the grades 
normally used for deep drawing is annealed 
in wet hydrogen: 

1. The yield point that has been con- 
sidered typical of steels containing large 
amounts of ferrite is completely eliminated 
and the stress for the beginning of plastic 
deformation is greatly reduced. 

2. Both strain-aging and quench-aging 
are completely eliminated. 

3- The carbon and nitrogen contents of 
rimmed steels so treated are markedly 
lowered. Carbon is believed to be less than 
0,003 per cent and nitrogen less than 
0.001 per cent after treatment. 

4- With aluminum-killed steels, there 
is some evidence to indicate that the 
nitrogen content is unaffected by the 
treatment. The carbon content decreases 
as in rimmed steds. 

5. Upon completion of the treatment, all 
traces of cementite have disappeared. The 
treatment appears to affect the etching 
characteristics of the steels, particularly 


when nital is used as an etchant. As the 
treatment proceeds, it becomes more and 
more difficult to develop distinct ferrite 
grain boundaries. 

Factors Influencing the Effectiveness 
OF THE Wet Hydrogen Treatment 

After it had been demonstrated that 
annealing low-carbon sheets in wet hydro- 
gen completely eliminated aging and the 
)rield point, a number of experiments were 
undertaken to determine the most effective 
manner of carr3nng out the treatment. The 
factors that were examined with respect 
to their effect on the time required for treat- 
ment were: water content of the hydrogen, 
temperature of treatment, thickness of 
sheet, composition of sheet (principally 
carbon content), the initial condition of 
the sheet (cold-worked or annealed) and 
the flow rate of the gas mixture. 

Influence of Moisture Content of Gas Mixture 

The way in which various properties 
change as the time of treatment increases 
is illustrated in Figs, 8 and g, which are 
typical- Fig. 8 is for 7io°C, with a partial 
pressure of water vapor of 216 mm, of 
mercury (30 per cent by volume); Fig. 9 
is for the same temperature, but with a 
lower water-vapor content (10 per cent by 
volume). The curves for the various proper- 
ties as a function of time are very similar in 
shape, but have been shifted to longer 
times at the lower water content. It should 
be noted that the values shown for tensile 
strength and bench elongation represent 
the material in the strain-aged condition. 
The tensile testing procedure was as fol- 
lows: The specimen was strained to 8 per 
cent extension, taken out of the machine 
and aged 3 hr, at 2oo®C., then tested to 
failure. 

As the results in Table 7 show, the 
effect of increasing the water-vapor con- 
tent of the gas mixture is most marked 
for the first few per cent added; at higher 
percentages slight variations in water 
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TEMPERATURE 7I0*C 

30V. WATER VAPOR (BY VOLUME) 

MAXIMUM FOR 7I0*C 

STEEL T-3 033* THICK 


ELONGATION IN 2 INCHES (AGED) 


^TENSILE STRENGTH (AGED) 


•*ii 

Or; 

-Z^ 46 
Q± 

'ujCM 

■HZ 36 

1^34 

30 

au 


o-L X^LOWER YIELD POINT 


■ 

- PER CENT^ \ \ 
STRAIN AGINpX \ 


-YIELD POINT ELONGATION 




3 12 3 

TIME IN HOURS 

Fig. 8 . — ^Wet hydrogen treatment with 30 per cent water 1 


TEMPERATURE 7I0*C 

10% WATER VAPOR (BY VOLUME) 

STEEL T-4 .033" THICK 


ELONGATION IN 2 INCHES (AGED) 


TENSILE STRENGTH (AGED) 


2.0 

‘<X 50 50000 

-p 46 48000 
-3“ 42 46000 

•KZ 36 44000 

• 0 »- 34 42000 

Q.Z _ , 


PER CENT 

STRAIN AGING 


Vr’ 


LOWER YIELD POINT 


-YIELD POINT ELONGATION 




VNi 


TIME IN HOURS 

Fig. 9 .— Wbx hsssooem tbbaxuekt with io fer cemx waibk vapor. 
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content do not affect the required time of 
treatment appreciably. For this reason, it 
was felt that carrying out an extensive 
series of experiments to obtain more precise 
data was not warranted. After these 
experiments had been concluded, all subse- 
quent hy<lrogen treatments were made 
using the maximum possible amount of 
water for any given temperature. The 
partial pressures of water vapor used were 
chosen so as to be a few millimeters of 
mercury below the equilibrium value 
for the formation of oxide as interpolated 
from the data of Emmet and Schulz.** 

Ko determination was made of the water- 
vapor content of the tank hydrogen used, 
but, in the absence of any liquid water 
in the tank, this may safely be assumed to 
be extremely small. Since the tanks are 

Table 7. — Time Required for Elimination 
of Yield Point and Strain-aging Using 
Various Mixtures of Hydrogen and 
Water Vapor 

Temperature 7io®C.; material, 0.0335 in. 
cold-reduced rimmed steel (T-4). 


1 

Volume Per 
Cent HsO 

Time to Elimi- I 
nate Strain- 1 
aging. Hr. 

1 Time to Elimi- 
1 nate Yield 
Point, Hr. 

Tank hydrogen ! 

20 

Z 40 

4.7 ; 

2 5 

3 0 

7-5 

2.0 

2 .S 

21 0 > 

I S 

3 0 

39 I 

I s 

I s 


filled at approximately 130 atmospheres 
pressure, the average water content would 
only be less than one thousandth of a 
per cent, even if saturated at room temper- 
ature. The times in Table 7 are those 
necessary for the complete elimination of 
all traces of strain-aging and the yield 
point, either of which may be markedly 
reduced in considerably shorter times. This 
is particularly true of the tank-hydrogen 
treatments. 

Influence of Temperature 

A prdiminaiy investigation covering 
the range 680® to 85o®C. indicated the 


optimum temperature to be somewhere 
in the vicinity of 700® to 725^0. At 800® C 
and above the grain size obtained was 
greater than A.S.T.M. No. 6, and in 
addition, the treatment was not as effective 
in eliminating aging. No decision as to the 
effectiveness of the treatment as regards 
the yield-point elimination could be made, 
since the larger grain size in itself caused a 
partial elimination of the yield point. 
Following this preliminary survey of the 
effect of temperature, a second, more 
precise, series of experiments was made to 

Table 8. — Effect of Temperature on Time 
of Treatment in Wet Hydrogen 
Steel: Cold-reduced rimmed steel, T-3 
Thickness, 0.0355 to 0.0375 in. Flow rate, 0.9 
to i.o cu. ft. per hr. (furnace volume o 11 cu 
ft.). Partial pressure of H2O, maximum possible 
at each temperature without scaling (204 mm. 
at 67 o°C , 227 mm. at 740°C.). 


Temperature, 
Deg. C. 

Time to Elimi- 
nate Strain- 

Time to Elimi- 
nate Yield 

aging, Hr. 

Point, Hr. 

671 

4 6 

5.2 

680 

3 8 

4 6 

691 

3 2 

4 0 

702 

2 2 

3.2 

710 

2 2 

2.8 

720 

I 8 

2.0 

730 

1 7 

2 Z 

740 

700 

I 8 

Z.8 

1 7* 

a 0 “ 

800 

2 3* 

3 6“ 

» 

850 

b 


« Estimated from approximate times obtained in 
preUminar:^ experiments 
* True yield point obscured by large gram size 


fix the optimum temperature more closely. 
In this series, specimens were treated for 
periods differing by 12 min., and the time 
to eliminate aging and the yield point was 
determined to the nearest 12-min. interval. 

The experimental conditions for this 
series of experiments and the times neces- 
sary to eliminate completely aging and the 
yield point, as a function of temperature 
in the range 670® to 74o®C. are shown in 
Fig. 10 and Table 8. The shape of these two 
curves strongly suggests two different types 
of reactions operating simultaneously, but 
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having temperature-rate coefficients of 
opposite sign. 

Influence of Specimen Thickness 

Tensile specimens were prepared from 
sheets var3dng in thickness from 0.0095 


and the yield point are shown in Table 0 
All treatments were carried out at jao^C. 
with the exception of the 0.033-in. thick 
which was treated at 7io®C. 

These results are plotted logarithmically 
in Fig. II. The equation relating the time of 


RIMMED STEEL .037 INCHES THICK 



Fig. 10. — Expect op temperature op wet hydrogen treatment on time op treatment. 


o.iii in. and were treated for various 
lengths of time. All of the specimens were 
in the full-hard condition before treatment 
and all were rimmed steels containing less 


Table 9 . — Influence of Specimen Thickness 
on Time of Hydrogen Treatment 


Thickness, In. 

Time to Elimi- 
nate Aging, Hr. 

Time to Elimi- 
nate Yield 
Point, Hr. 

0.0095 

0.35 

0.3 

0 033 

1.5 

3.0 

0.036 

1.8 

3.3 

0.038 

3.3 

3.6 

0.044 

3.6 

3.0 

0.053 

3.4 

4.3 

O.IZI 

I 10. s 

13,0 


than 0.08 per cent carbon. The time 
interval between successive specimens for a 
given thickness varied from 5 min. for the 
o.oo9s-in. series to 30 min. for the o.iii-in. 
series. The times to eliminate strain-aging 


treatment and the specimen thickness is 
t — 1.40^ ® X 10®, where t is the time to 
eliminate the yield point in seconds and a 
is the specimen thickness in inches. 

K the slow step in the process is assumed 
to be the diiOfusion of some element such 
as carbon to the surface of the specimen, 
and if it is assumed further that the 
yield point disappears when the mean 
concentration of carbon falls bdow some 
limiting value, the relationship between 
the thickness and time of treatment should 
be a parabolic one and the exponent should 
be 2 instead of 1.5; this is based on diffusion 
from a homogeneous single phase with no 
excess carbide present at the temperature 
of treatment. Since the solid solubOity 
of carbon in alpha iron at this temperature 
(72o®C.) is between 0.03 and 0.04 per 
cent**'*® most of the specimens probably 
contained some free cadsides, which might 
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.iccount for the exponent being smaller 
than the theoretical value of 2.0 for a 
dififusion process. This problem has not yet 
been treated mathematically. 


steels after hydrogen treatment have 
slightly higher yield strength and tensile 
strength and lower elongation than the 
rimmed steels. 



Fro II. — Effect of time of treatment on thickness of sheet that may be treated to 

COMPLETION in WET HYDROGEN, 


JVet Hydrogen Treatment of Other Grades 
of Steel 

In most of the experiments described 
low-carbon rimming-grade steels were used. 
The hydrogen treatment has also been 
applied successfully to low-carbon alumi- 
num-killed steels and higher-carbon steels 
of open-hearth origin, and with partial 
success to a low-carbon bessemer steel 
containing considerably more nitrogen than 
is found in open-hearth steels. 

With r^ard to the time required to 
eliminate aging and the yield point, both 
rimmed and killed steels in the low-carbon 
range were found to behave precisely 
the same. Steels T-i, T-2, T-3 and T-4 
(see Table i) were annealed in wet hydro- 
gen for 3 hr. and then tested. The results 
of the strain-aging and tensile tests may 
be seen in Table zo. In general, the killed 


Higher carbon steels may also be treated 
to eliminate strain-aging and the yield 
point, but the time required increases 
rapidly with increasing carbon content. 
This is shown in Table ii for a series of 
steels of increasing carbon content. 

Steels C-i, C-2 and C-3 were obtained 
in the form of full-hard, M-in. wide, 
cold-rolled strip and steel TH-i was full- 
hard sheet steel. Treatments were carried 
out in the vertical tube furnace with a 
partial pressure of water of 220 mm . and 
a flow rate of 2.0 cu. ft. per hr. Micro- 
scopic examination of the 0.23 and 0.36 
carbon steels following treatment for 
various lengths of time indicate that the 
last traces of carbon have disappeared 
by the time the treatment is complete. 
The partially treated specimens have a 
decarburized surface layer, completely 
free from any carbides, that gr^ually 
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Table io. — Coynparison of Eydrogeyi-treated Rimmed and Killed Steels 


Steel 

Type 

Hardness, 
RockweU B 

Yield-point 
Elongation, 
Per Cent in 
2 In. 

Unitorm 
Elongation, 
Per Cent in 
2 In. 

Bench 
Elongation, 
Per Cent in 

2 In. 

Yield Point, 
Lb jerSq. 

Tensile 
Strength, 
Lb. ^er Sq. 

T-i 

Killed, strain-aged 
Killed, not aged 

36 

Na 

31 5 

40 5 

17.100 

44,800 

T-i 

35 

Nil 

31.5 

44 0 

17,400 

45*000 

T-2 

Killed, strain-aged 

38 

Nil 

1 33 0 1 

43.0 

16.300 j 

44*500 

T-2 

T -3 

Killed, not aged 
Rimmed, strain- 

36 

Nil 1 

i i 

44 0 1 

1 

i z6,6O0 

45.000 

1-3 

.,^8ed 

33.5 

0 s i 

i 33 3 

44 0 

16.200 

40.900 

Rimmed, not aged 

28 0 

o.s 

1 33 0 1 

46.0 

14*800 

41*000 

T -4 

Rimmed, strain- 
aged 

Rimmed, not aged 

29.0 

Nil 

! “ 1 

47.0 

14,200 

39*600 

T -4 

25.5 

Nil 

33 5 > 

1 1 

47.0 j 

12,900 

39.500 


moves in toward the center as the treat- 
ment proceeds. 

In addition to these experiments with 
higher carbon steels, a bessemer steel of 
approximately the same analysis as the 
low-carbon rimming steels except for 
nitrogen and phosphorus was tested to 
determine the time required for the 
elimination of the yield point and strain- 
aging. This was a capped steel in sheets 


Table ii. — Effect of Carbon Analysis on 
Time of Wet Hydrogen Treatment 
Partial pressure H2O: 220 mm. IJg. 


Steel 

Car- 

bon, 

Per 

Cent 

Time to 
Ehmi- 
nate 

Time to 
Ehmi- 
nate 
Yidd 
Point, 
Min. 

Thickness, 

In. 

Tem- 

per- 

ature, 

Deg. 

C. 

Th-i 

0 06 

132 ± 6 

IS6 ± 6 

0 0382 

720 


o.zo 

13s ± IS 

i6s ± IS 

0 035-t0,036 

730 

C-2 

0.23 

325 ± 8 

325 ± 8 

0,035-0.037 

730 

C-1 

0.36 

360 ± 10 

380 ± 10 

0.036-0.037 

j 730 

1 


0.042 in. thick. Treatments were carried 
out at 75o®C. with a partial pressure of 
water vapor of 220 mm, and a flow rate of 
2.0 cu. ft. per hr. Aging was eliminated in 
the bessemer material in approximately 
160 min., which is substantially the same 
as that required for open-hearth steel 
in the same thickness (0.042 in.). The 
effect of the wet hydrogen treatment on 
the yield point of the Bessemer sted, 
however, is quite different. Six hours of 
treatment was required to reduce the yield- 
point stress to a constant level (22,000 lb. 


per sq. in.), and even after this length of 
time, the material still shows a small 
amount of 3rield-point elongation, approxi- 
mately I per cent. Open-hearth steel in 
the same gauge and carbon content 
requires only 3 hr. for complete elimination 
of the yield point. The time of treatment 
was gradually increased to 16 hr., with no 
further decrease in the stress at the lower 
yield point, and substantially no decrease 
in the yield-point elongation. 

Influefice of Rate of Flow of Gas Mixture 
This variable was not examined carefully 
over a wide range of flow rates, but certain 
qualitative observations indicate that some 
minimum flow rate must be exceeded in 
order that the treatment may proceed 
at its maximum rate. For example, when 
using the 2-in. i.d. tube furnace described 
on page 4, it was found that mcreasing 
the flow rate from 0.2 up to 1.0 cu. ft. per 
hr. decreased the time required, but no 
further decrease occurred if the flow rate 
was increased to 2.0 cu. ft. per hr. Fpr this 
furnace, i-o cu. ft. per hr. corresponds to a 
linear flow rate of approximately o.oi ft. 
per sec. For a rate of 0.001 ft. per sec. in a 
larger furnace there was no appreciable 
decrease in aging or the yield point up to 
1$ hr. When the flow rate was increased 
to approximately o.oi ft. per sec., the time 
of treatment for complete elimination 
corresponded very closely to that found 
when treating tensile spedmens in the 
smaller furnace. 






AGING AND THE YIELD POINT IN STEEL 




Eject of Heating in A ir Following 
Wei Hydrogen Treatment 

This experiment was carried out in 
order to determine whether or not anneal- 
ing in air caused a return of either the 
jield point or aging, once they had been 
removed by treating in wet hydrogen. 
This question would be of considerable 
importance if it should be necessary to 
anneal sheets, or articles formed from 
them, at some time subsequent to the 


by excessive scaling. The test data are 
listed in Table 12. 

The same materials were normalized in 
air at 885 and 940®C., and it was found 
that some strain-aging will occur following 
either of these high-temperature treat- 
ments, although to a much smaller degree 
than in untreated sheets. The normalizing 
treatments were carried out by placing 
the specimens in an electric muffle furnace 
which was at temperature, holding at 
temperature for 15 min. and then removing 


Table 12. — Effect of Annealing in Air Folloiving Wet Hydrogen Treatment 



i 

1 



As Strain-aged 


Steel 

i 

1 

Treatment 

- 

Yield 
Strength, 
Lb. per 
Sq. In. 

Tensile 
Strength, 
Lb. per 
Sq. In. 

Uniform 
Elon- 
gation, 
Per Cent 
in 2 In. 

Bench 
Elon- 
gation, 
Per Cent 
in 2 In. 

Strain- 

aging, 

Per Cent 

T -3 I 

1 Wet Ha 

13.850 

41,100 

31 5 

■91 

0 0 

T -4 ' 

Wet Ha 

^ 13.850 

39,800 

33-2 


0.0 

T -3 

Wet Ha foUowed by air anneal 3 br. at 

{ 17.350 

1 16,600 

1 20.050 

{ 19,600 

39.800 

s6 5 


0.0 

T -4 

7I0®C. Furnace cool 

39,600 

4i,ioo« 

40,8 oo » 

28.2 
29.5* 
aS 3® 


0.0 


Not strained and aged. 


Table 13. — Properties of Sheets Normalized at 885®C. and 940®C. Following Wet Hydrogen 

Treatment 


Steel 

j 

Treatment 

Yield 
Strength, 
Lb. per 
Sq. In. 

Tensile 
Strength, 
Lb. per 
Sq. In. 

Yield- 

point 

Elongation, 
Per Cent 
in 2 In. 

Strain- 
aging. 
Per Cent 

1 

Hydrogen treatment only 

Hydrogen-treated and normalised in air at 940°C. 

Hydrogen-treated and normalised in air at 88s^C. 


13,850 

13.500 
13,650 
11.100 

20.500 
16,200 

41,100 

39,800 

34.200 

33.000® 

37,300 

38.300® 

0.0 

0.0 

0 0 

0 0 

0.0 

0.0 

0 0 

0 0 

6.8 

7.4 


• As strained zo per cent and aged at 2oo**C. for 3 hoxirs. 


hydrogen treatment. In addition, PfeiP* 
has reported that annealing in air following 
wet hydrogen treatment causes a complete 
return of strain-aging. No yield pointy nor 
any evidence of strann-^ging, was found 
following an anneal in air for 3 hr. at 7io®C. 
However, a slight increase in the yield 
strength occurred, and there was a marked 
drop in bench elongation, probably caused 


and allowing to cool in still air. Irregulari- 
ties occur in the early part of the stress- 
strain curves for the specimens normalized 
at 88s®C., which might be interpreted as a 
tendency toward a return of the yield 
point, but there is no actual drop in the 
load nor elongation at constant load. For 
the spedmens normalized at 940®C., no 
condusion can be drawn regarding the 
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Table 14 . — Mechanical Properties of Sheet Treated with Wet Hydrogen and Cold-roUed 


Condition Thicteess, 

Hardness, 

Rockwell 

B 

0.2 Per 
Cent Yield 
Strength, 
Lb. per j 
I Sq. In. 

1 Tensile 
' Strength, 

Bench 
Elon- 
gation, 
Per Cent 
in 2 In. 

As hydrogen-treated . . . i 

Cold-rolled 25 per cent . . . ... 

Cold-rolled 50 per cent 

Cold-rolled 72-5 per cent . . 

0 X32 

0 100 

0 067 

0 037 

78 

85 1 

I3iIOO 

45 . 400 “ 

56.400^ 

74 . 500 “ 

1 37.500 

46-47,000 
60-64,000 
76-77,000 

53.0 

19-30 

9 5 

3 0-3. 5 


o Extension measured with Tuckerman strain gauge. Yield strength obtained by offset method. 
^Extension measured with dial-gauge extensometer. Yield strength obtained by offset method. 


yield point, since this treatment caused a 
ferrite grain size greater than No. 3, which 
would obscure any yield point that might 
be present. The grain size of the specimens 
normalized at 885® C. was No. 5 or No. 6. 

The results of the mechanical tests on 
specimens so treated are shown in Table 13, 
together with results on the same steels 
after hydrogen treatment only. The low 
elongation of the two specimens normalized 
at 94o®C. may be related to their extremely 
large grain size. 

Mechanical Properties of Hydrogen-treated 
Sheets after Cold-rolling and after 
Cold-roUing and Annealing in Air 

The effect of cold-work on the mechan- 
ical properties of hydrogen-treated steel 
is of interest, since this material is intended 
for use in various cold-forming operations. 
For this reason, strips cut from a 0.132-in. 
hydrogen-treated rimmed steel sheet were 
cold-rolled 25, 50 and 72.5 per cent and 
then tested for hardness, 0,2 per cent 
yield strength, tensile strength, and bench 
elongation. The results of these tests are 
shown in Table 14, and it will be noted 
that they are substantially the same as 
those to be expected for imtreated steels 
after the same amounts of cold reduction 
following hot-rolling or box annealing. 

The effect of cold reduction followed by 
ordinary annealing on the properties of 
hydrogen-treated sheets, particularly aging 
and the yield point, is of interest, since it 
might prove more economical to carry 
out the hydrogen treatment before cold 


reduction rather than afterward. For this 
reason, several of the strips that had been 
cold-reduced 72.5 per cent were annealed 
in a small electric furnace (no atmosphere 
control) for 3 hr. at 7oo®C. and furnace 
cooled. Five specimens were made into a 
small pack to prevent excessive oxidation 
and the three inside specimens of the pack 
were tested. The results of these tests are 
shown in Table 15. 

Table 15. — Effect of Cold Reduction Fol- 
lowed by Ordinary Annealing on the 
Properties of Hydrogen-treated 
Sheets 


Lower 
T^eld 
Point, 
Lb. per 
Sq. in. 

Yield- 
point 
Elon- 
gation, 
Per 
Cent 
in 2 In. 

Tensile 
Strength, 
Lb. per 
Sq. In. 

Uni- 
form 
Elon- 
gation. 
Per 
Cent 1 
in 2 In. 

Bench 
Elon- 
gation, 
Per 
Cent 
in 2 In. 

A^ng, 

Cent, 
10 Per 
Cent 
Strain 

3 Hr. 
200*C. 

19,250 

I 0 

35.000 

27.7 

46.0 

0 

20,250 

1.4 

35.400 

28.7 

45.0 

0 

21,150 

1 . 6 

36,900 

30.1 

46.5 

0 


Comparing these results with those 
given in Table 14 for the hydrogen-treated 
sheet before cold-rolling or annealing, it 
will be noted that the yield point has been 
raised and there is now a definite but small 
amount of yidd-point dongation. How- 
ever, neither the yidd point nor the yidd- 
point elongation are as high as those 
obtained with untreated box-annealed 
sheets. The tensile strength is slightly 
lower than that of the original sheet, as 
is the uniform dongation. While the bench 
dongation is considerably under that 
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of the original o.i32-in, sheet, it is, never- 
theless, normal for the hydrogen-treated 
sheets in this thickness (0.037 in.). Cold- 
rolling followed by annealing has not 
caused any return of the susceptibility 
to strain-aging, which was removed by 
the hydrogen treatment. 

Treatment with Wet Eydrogett Containing 
Nitrogen 

Altenberger®° reports that in the produc- 
tion of nonaging steel by annealing in tank 
hydrogen, the amount of nitrogen in the 
hydrogen must be kept below a certain 
minimum value, which amounts to about 

0.004 per cent at 7oo®C., in order that the 
process shall be effective. To determine 
whether or not this same restriction applies 
when wet hydrogen is used, the wet 
hydrogen treatment was carried out by 
using hydrogen to which approximately 10 
per cent by volume of nitrogen was added. 

The material used in this experiment 
was steel No. T-3, In the earlier experi- 
ments the partial pressure of water used 
was approximately 220 mm. To avoid 
oxidation in this particular series because 
of reduced partial pressure of hydrogen, 
the partial pressure of water was reduced 
to about 170 mm. For this reason, it 
might be expected that the times to 
diminate aging and the yield point would 
be increased slightly. The results of a 
series of treatments for different lengths 
of time are shown below. The presence 



Wet Ht 



with 

WetH, 


ro Per 

without 


Cent Ni, 
Hr. 

N,,Hr. 

Aging eliminated 

1.8 

1.8 

Yield point eliminated. . . 

2.6 

2.2 


of even large amounts of nitrogen in the 
hydrogen used for the wet hydrogen treatment 
has no very profound effect on the length of 


time required. The slight increase in the time 
required to diminate the yield point 
might be explained simply on the basis 
of the dilution effect of the nitrogen. This 
result does not necessarily conflict with 
Altenburger’s, which applies to annealing 
in tank hydrogen, since there is some reason 
to believe®® that the presence of traces of 
oxygen or water prevent any reaction 
between molecular nitrogen and iron. 

Sunmary 

The following variables have been 
examined with regard to their influence 
on the effectiveness of the wet hydrogen 
treatment in eliminating the yidd point 
and aging: 

1. Moisture Content, — The time required 
for treatment decreases as the moisture 
content increases. This decrease is most 
marked as the moisture content is increased 
from zero up to $ per cent, but a further 
slow decrease is observed as the partial 
pressure of water is raised up to the maxi- 
mum permissible without oxidation. The 
treatment is ineffective if any oxide forms 
on the specimen surface. 

2. Temperature, — ^The time required for 
the treatment goes through a minimum at 
approximately 730®C. The optimum tem- 
perature range appears to be 720® to 74o®C. 
The effect of temperature was examined 
over the range 670® to 8so®C. 

3. Specimen Thickness, — ^The relation- 
ship between sheet thickness and time for 
complete elimination of the yidd point and 
aging for rimmed steds under 0.08 per cent 
carbon is given by the equation: 

t « X 10® 

where 

t » time in seconds 

a » sheet thickness in inches 

4. Composition of Steel. — Rimmed and 
kflied steds in the same carbon range 
appear to be very similar with regard 
to the effect of hydrogen treatment. 
Increasing the carbon content increases 
the time required, but does not affect the 
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properties of the treated steels. Increasing 
the nitrogen content (e.g., bessemer steel) 
does not increase the time to eliminate 
aging. The time for virtual elimination 
of the yield point for the one bessemer 
steel examined was considerably longer 
than that for low-carbon open-hearth 
steels; the last trace of a 3deld point was 
not eliminated. 

5. Rate of Gas Flow . — ^The influence of 
flow rate on the process was not evaluated 
precisely, but some evidence was obtained 
to indicate that the flow rate must be 
maintained above 0.0 1 ft, per sec. if the 
time of treatment is to be a minimum. 

6. Heating in Air Following the Wet 
Hydrogen Treatment . — ^Annealing in air at 
approximately 7oo°C. does not cause a 
return of the yield point or aging. Some 
reduction in elongation was observed, but 
this may have been due to the loss of 
metal as a result of excessive scaling. 

Heating for short periods of time at 
either 885® or 940°C. in air, followed by 
cooling in air, Caused slight return of 
aging, but no return of the yield point. 

7. Cold-rollingFollowed hy Heating in Air, 
Severe cold-rolling followed by “pack” 
annealing in air did not bring about 
any reappearance of strain-aging, but 
a small yield point was observed after this 
treatment. 

8. Nitrogen in the Wet Hydrogen , — The 
presence of molecular nitrogen up to 10 per 
cent by volume does not increase the time 
required to eliminate aging and only 
slightly increases the time to eliminate 
the yield point. This latter effect may be 
due to the reduced partial pressure of 
hydrogen and water vapor. 

Experiments to Determine the 
Impurities That Cause Strain- 
aging AND THE Yield Point 
IN Low-carbon Steels 

The general plan of these experiments 
was based on the assumption that strain- 
aging and yidd point are the result the 


presence in ordinary^ low-carbon steels of 
some impurity or impurities as yet un- 
identified. Presumably, annealing in wet 
hydrogen removes these impurities and 
thereby renders the steel free from strain- 
aging and the typical yield-point behavior. 

The present investigation had an ad- 
vantage over those previously carried out in 
that the wet hydrogen treatment provides 
a fine-grained material in which the yield 
point and strain-aging are absent. It was 
planned, therefore, to determine which 
of the commonly suspected elements is 
responsible for aging or the yield point by 
putting carbon, nitrogen and oxygen back 
into hydrogen-treated sheets and determin- 
ing whether or not aging and the yield 
point reappear, arranging the experiment 
to ensure the introduction of only one 
element at a time. 

The starting material for these experi- 
ments was hydrogen-treated, 0.036 by 
14 by i6-in. sheets. Each of these sheets 
yielded approximately 38 tensile speci- 
mens, each identified as to position in the 
particular sheet. Every third one of these 
specimens was then tested for aging and 
the yield point, and in this way the proper- 
ties of the material immediately adjacent 
to the specimens used for carburizing, 
nit riding, or oxidizing were known. None 
of the specimens tested “as treated” were 
found to exhibit any evidence for strain- 
aging or a yield point, so it may safely be 
assumed that the specimens immediately 
adjacent to them were also free from either 
of these effects. The 14 by i6-in. sheets 
before treatment were in the cold-reduced, 
full-hard condition. The steel used is 
labeled No, S2 in Table i. The sheets were 
hydrogen-treated for 5 hr. at 72o®C. in 
wet hydrogen, which constituted an “over- 
treatment,” since the minimum time for 
this grade and thickness was approximately 
3 hours. 

The general sdieme for the introduction 
of the three dements (O, C, N) singly was 
as follows; 
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1. (Jxy^cn , — Tank hydrogen mixed with 
=^utticient water vajjor to cause scaling 
was passed through a furnace containing 
ihe specimens to be oxidized. The oxidized 
specimens were then vacuum-annealed 
for sufficient time to allow diffusion from 
the oxide layer into the specimen. 

2. Carbon, — ^Purified hydrogen (O2, H2O 
free) was bubbled through a high-purity 
hydrocarbon (normal heptane), and the 
mixture passed through a furnace contain- 
ing the specimens to be carburized. 

3. Nitrogen, — Mixtures of dried am- 
monia and purified hydrogen were used 
to introduce nitrogen into the hydrogen- 
treated sheets. The amount of ammonia 
in this gas mixture was maintained at a 
low enough value so that no nitride was 
formed on the surface (approximately 
5 per cent by volume). 

Oxidation of W etrhydrogenrtreated Specimens 

Although the results of the vacuum- 
fusion analyses of wet-hydrogeu-treated 


sheets indicate that oxygen is not one of the 
elements removed by the hydrogen treat- 
ment, several oxidation experiments were 
carried out. Specimens cut from a hydro- 
gen-treated sheet were oxidized at 72o®C. 
(the temperature of the original hydrogen 
treatment) in wet hydrogen, and some of 
them were then vacuum-annealed for 
24 hr. at three different temperatures: 
720®, 805®, and 940®C. In every case oxide 
was still present on the surface following 
the vacuum anneal, so that the specimen 
may be assumed to have been saturated 
with oxygen at the particular annealing 
temperature. The mechanical properties of 
these specimens are shown in Table 16, 
together with the test results for specimens 
immediately adjacent to them in the 
original hydrogen-treated sheets. 

Oxidation at 720®C. does not cause a 
return of either the 3deld point or aging. 
In some cases, there appears to be a 
decrease in the bench elongation as a 
result of the oxidation treatment, but this 


Table 16. — Mechanical Properties of Hydrogtn-treafed Sheets after Oxidation 


OxidatioTi 
Time at 
730® C.» 


I Vacuum 
I Anneal, 
Time and 
Temperature 


None 
30 min. 

None 
30 min. 

45 min. 

None 
60 min. 

.None 
3 hr.fc 

None 
3 hr.fc 

None 
3 hr. 
None 
3 hr. 

None 
3 hr. 
None 
3 hr. 

None 


None 
24 hr. ) 
7ao«C. J 
None 
34 hr. 1 
72o^C, } 
24 hr. ] 
720 ‘>C.} 
None 
24 hr. > 
7ao“C. } 
None 
34 hr. \ 
940 °C, t 
None 
34 hr. ) 
O40®C. J 
None 
None 
None 
34 hr. ) 
Sos^C. } 
None 
None 
None 
24 hr. 
8os*»C. 

24 hr. 
P40®C. 


Lower Yield 
Point, Lb. 
per Sq. In. 

Yidd-point 
Elonmtion, 
Per Cent in 
2 In. 

Tensile 
Strength, 
Lb. ^ Sq. 

Umform 
Elonmtion, 
Per Cent in 
2 In. 

Bench 
Elonjration, 
Per Cent in 
3 In. 

Strain- 
aging, Pei 
Cent 

11,700 

0.0 

38,600 

31.0 

50.1 

0 0 

10400 

0.0 

36,800 

39 5 

43.0 

0 0 

13,800 

0.0 

38,500 

31.0 

49.0 

0.0 

II,XOO 

0 0 

37,000 

31 5 

47 0 

0 0 

11,300 

0 0 

36,400 

33 5 

45.5 

0 0 

11.600 

0.0 

38,800 

31 0 

49 0 

0 0 

10,400 

0 0 

36,900 

33 5 

49 0 

0 0 

12,650 

0 0 

39.300 

33 7 

49 0 

0.0 

9.700 

0 0 

30.300 

30.4 

34,0 

1-7 

15,000 

0 0 

39.000 

31.3 

47 5 

0 0 

9.300 

0 0 

39,000 

15 3 

19 5 


11.700 

0 0 

39,100 

31.5 

46 0 

0 0 

14,600 

0 5 

38.400 

28.3 

46.5 


12,800 

0.0 

39.100 

31.0 

45.5 

0 0 

10,500 

0 0 

35.600 

39.0 

46. 5 

0 0 

14,000 

0 0 

39.400 

31.0 

44 5 

0.0 

13.900 

0.5 

39400 


43-0 

0.0 

14*100 

0 0 

39.900 

29 8 

44 5 

0 0 

10,500 

0.0 

35.600 

30.0 

45.0 


10,300 

0 0 

33,000 

28 0 

38.0 

I 7 


- in xnixi^ure ox f 

^ Extremely coarse grain. 
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is not consistently true. Annealing at 
8 o 5°C. after oxidation at 72o®C. did not 
cause a return of the >ield point or aging, 
and the bench elongation was unaffected. 
Annealing at 940^0. resulted in a very 
coarse ferrite grain size, so that all of the 
mechanical properties were markedly af- 
fected; however, there is no evidence of 
any yield point and only slight evidence 
of aging after 10 per cent strain. This 
slight aging is without significance, how- 
ever, since there is also some indication of 
aging if hydrogen-treated specimens are 
annealed at this temperature without 
prior oxidation (cf, the last specimen in 
Table 16.) 


asbestos and activated alumina brought 
about a definite return of the 3deld point. 
To determine whether this return of the 
yield point was due to the presence of small 
traces of impurities (such as hydrocarbons) 
in the gas after it had passed through the 
purification train, some of the wet- 
hydrogen-treated specimens were annealed 
in hydrogen obtained by diffusion through 
palladium. No reappearance of the yidd 
point was observed in the wet-hydrogen- 
treated sheet after 48 hr. annealing at 
7oo®C. in hydrogen so purified (see Table 
17). It was concluded therefore that the 
appearance of the yield point originally 
noted was a result of impurities in the tank 


Table 17 . — Experiments with the Carburizing Furnace 


Treatment 

48 Honrs Annealing at 70o'’C. 
in Hydrogen Obtained by Dif- 
fumon tbrougli Palladium 

5 Hours Annealing at 7oo^C. 
in Tank Hydrogen Using the 
Purification Train; Liquid Ni- 
trogen Trap Platiniaed As- 
bestos Activated Alumina 

Condition 

Not Strain- 
aged 

Strained xo 
Per Cent, Aged 
3 Hr. at aoo®C. 

Not Strain- 
aged 

Strained lO 
Per Cent, Aged 

3 Hr. at 200®C. 

Lower yield point, lb. per so. in 

10,750 

13,000 

16.050 

WBSM 


0 

0 

0.5 



35.0 

33-0 

31.0 


Bencn mongation, per cent 

53.0 

4S.5 

43'0 

43-5 


36,500 

37,000 

0 

37,500 

37,000 

0 


Carburization of Wet-hydrogen-treated 
Specimens 

In the carburizing experiments, the 
carburizing atmosphere was prepared and 
passed into a porcelain tube furnace 
through an all-glass S3rstem with no stop- 
cocks or rubber connections, except where 
the tank hydrogen entered. It was first 
necessary to ascertain that the purified 
hydrogen used to carry the hydrocarbon 
vapor was sufficiently pure so that no 
return of the yield point or aging occurred 
if wet-hydrogen-treated specimens were 
annealed in this carrier hydrogen alone. 
It was found that annealing wet-hydrogen- 
treated specimens in tank hydrogen puri- 
fied only by passing through hot platinized 


hydrogen, which were not eliminated by the 
platinized asbestos and the activated 
alumina, presumably hydrocarbons. 

The purification train was then dianged 
by introducing into the line a liquid 
nitrogen trap between the hydrogen tank 
and the platinized asbestos. With this 
arrangement, it was found that for all 
practical purposes the reappearance of the 
yield point was avoided. The return of the 
yield point (after 5 hr. annealing at 7oo®C.) 
was of such a small magnitude that any 
effect of the carbon in the carburizing 
experiments should be readily recognized. 
The final gas-purification train was: Tank 
hydrogen activated charcoal in liquid 
nitrogen platinized asbestos activated 
alumina — » heptane saturator — > furnace. 
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The carburizing -agent used was liquid 
normal heptane of high purity (Eastman). 
The normal heptane saturator was held at 
25 ®Cm at which temperature the vapor 
pressure is 46 mm. of mercur>\ The results 
are showm in Table 18. 

It was found that at a carburizing tem- 
perature of 7oo®C. one minute in the car- 
burizing atmosphere was enough for the 
wet-hydrogen-treated specimens to par- 


properties of the specimen seem to be inde- 
pendent of the time of carburization. Under 
the conditions of the experiment, this 
limiting carburizing time appears to be 
2J2 to 5 min. at 7oo®C. 

Vacuum Annealing of Carburized Specimens 
Specimens that had been carburized for 
15 min. and for 3 hr. were vacuum- 
annealed at 700®C. for 15 hr. to determine 


Table 18. — Carburizing Experiments 
Temperature of carburizing furnace 7oo®C. 
Temperature of normal heptane saturator 25®C. 


Carbunzing 
Time, Min. 

1 Lower Yield 
Pont, Lb. 
per Sq, In. 

Yield-point 
Elongation, 
Per Cent 

Umform 
Elongation. 
Per Cent* 

Bench 
Elongation, 
Per Cent® 

Tensile 
Strength, Lb. 
per Sq. In. 

Strain-aging, 
Per Cent 

I 

20.150 

1.5 

29 9 

42 0 

40.500 

3 0 

2 .S 

31.200 

5 8 

26 I 

37 S 

45.200 

14 S 

5 

! 35.400 

5 5 

22 9 

31.5 

52.000® 

22 9 

5 

' 35.200 

6.0 

22 0 

31 0 

51,000® 

18.9 

IS 

! 35.000 

5 6 

22.6 

31.5 

53 . 000 ® 

23 5 


, 34.500 

6.7 

22 0 

29.5 

51,200® 

19 2 

60 

1 37.400 

1 4 7 

21. 1 

29 0 

53.800® 

13 I 

120 

! 35.S00 

4 7 

21 3 

30 5 

53 . 000 ® 

14 2 

180 

1 30,100 

5-5 

19.8 

29.0 

43 . 500 ® 

21.6 


a As strain-aged; strained 10 per cent, aged 3 hr. at soo'^C. 


tially regain their yield-point and strain- 
aging properties. It has already been 
pointed out that during a blank run wet- 
hydrogen-treated specimens annealed 5 hr. 
at 7oo®C. in the same train without the 
normal heptane saturator showed only a 
very small yield point and no strain-aging. 
In the carburizing experiments, the dura- 
tion of run was much shorter. Any differ- 
ence found in the carburized specimen must 
be due to the introduction of the normal 
heptane saturator and, therefore, to the 
presence of normal heptane in the gas. 
Thus, it can be safely concluded that car- 
bon is one of the elements that are responsi- 
ble for the yield-point and strain-aging 
phenomena in mild steel sheets. 

The data indicate a limiting carburizing 
time. Below the limiting carburizing time 
the 3rield-point and strain-aging properties 
of the specimen are functions of the car- 
burizing time (both increase with increas- 
ing time). Above the limiting carburizing 
time^ the yidd-point and strain-aging 


the effects of homogenization. They are 
compared with specimens as carburized in 


Table 19. — Comparison of Mechanical 
Properties of Carburized Specimens with 
and without Vacuum Annealing 


Treatment 

As 

Car- 

bur- 

ized 

3 Hr. 

Carbur- 
ized 3 
Hr. 

Vacuum- 
annealed 
24 Hr.. 
700®C. 

As 

Car- 

bur- 

ized 

Min. 

Carbur- 
ized 15 
Min. 
Vacuum- 
annealed 
24 Hr., 
700 ®c. 

Lower yield point, 
lb. per sq.m 

30,100 

32,000 

35.000 

30,000 

Yield-point elon- 
gation, per cent 

5 5 

5-7 

5.6 

5.6 

Total elongation, 
per cent® 

28.9 

31.2 

31.5 

33.8 

Bench elongation, 
per cent® 

29.0 

32.5 

31-5 

34.0 

Tensile strength, 
lb. per sq. in.®. . 

43.500 

45.500 

53.000 

44.^00 

Strain-aging, per 
cent 

21.6 

19.5 

23-5 

8.3 


• As stiain-aged; strained lo per cent, aged 3 hr. at 
aoo®C. 


Table 19. Vacuum annealing of the speci- 
men carburized for only 15 min, caused a 
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reduction in the 3deld-point stress and the 
amount of strain-aging, which were extra- 
ordinarily high before vacuum annealing. 
Neither of these effects is noted for the 
specimen carburized 3 hr. These effects in 
the specimens carburized only 15 min. are 
presumed to be caused by inward diffu- 
sion of carbon during the vacuum anneal- 
ing, resulting in an average carbon content 
lower than the original carbon in the surface 
layers. 

Nitriding of Wet-hydrogen-ireated Specimens 

Nitriding was done in the same apparatus 
used for carburizing, after a slight modifica- 
tion. The train used was as follows: Tank 
hydrogen activated charcoal and liquid 
Nj trap — > hot platinized asbestos — ► acti- 
vated alumina — > liquid ammonia satu- 
rator — ^ nitriding furnace. Pure liquid 
ammonia was introduced into the saturator 
from a side connection by the condensation, 
in the saturator, of dried ammonia vapor 
supplied from a cylinder. After enough 
ammonia was condensed in the saturator 
to last for a run, the side connection was 
cut off. The temperature of the liquid 
ammonia saturator was kept constant at 
— 7S®C. by the use of a mixture of acetone 
and dry ice. The temperature of the nitrid- 
ing furnace was held at 5oo®C. These 
experimental conditions were so chosen 
that there was no danger of iron nitrides 
being formed in the sheet during the nitrid- 
ing run at 5oo®C.*® 

Before nitriding a few blank runs were 
made without any liquid ammonia in the 
saturator. It was found necessary to 
reactivate the charcoal from time to time 
to avoid introducing a yield point; when 
this was taken care of, the purification train 
was satisfactory. 

The results of the nitriding experiments 
are given in Table 20. 

As for carburizing, there seems to be a 
limiting time beyond which further nitiid- 
ing produces no change in properties. At 


5oo®C. this limiting time seems to be about 
2 hr. Probably this can be explained on the 
assumption that after a certain time of 
nitriding the specimen has attained an 
equilibrium solid solution concentration 


Table 20. — Results of Nitriding 
Experiments 

Temperature of liquid ammonia saturator, 
- 7 S"C. 

Temperature of nitriding furnace, soo°C. 


*111116 of 
Nitrid- 

Min. 

Lower 
Yield 
Point, 
Lb. per 
Sq. In. 

Yield- 
point 
Elon- 
gation, 
Per 
Cent 
in 2 In. 

Per 

Cent 

Strain- 

aginga 

Tensile 

Strength 

Strain- 
aged), 
Lb. per 
Sq. In 

Total 

Elon- 

gation 

(as 

Strain- 

apd;, 

< 3 cnt 
in 2 In. 

5 

17.000 

0 

3 35 

40.000 

36 2 

10 

> 18,380 

1 0 25 

5 20 

41.000 

35 6 

15 

' 19.700 1 

1 0 80 

6.40 

42.000 

34 7 

IS 

20,000 1 

1 0 70 1 

1 ^ 

43.100 

! 35 5 

IS 1 

1 20,350 

I 20 

8 58 

43.200 

30 6 

30 

20.500 j 

1 I 20 

8 54 

41,600 

31 4 

25 

21,100 

1 I so 

1 

42,500 


40 

20.300 ^ 

' I 20 

9 10 

41.600 

41 4 

SO 

22,200 

1.70 

XI 40 

43.000 

36.9 

60 

25,050 

4 70 

13 10 

' 45.600 

2g 0 

120 

30.500 

3 75 

16 47 

1 47.000 

24 7 

x8o 

29 . 4 S 0 

4 - SO 

IS 70 

i 49.000 

17.2 

480 

31.780 

4 40 

16 74 

SO.700 

22 7 


I 


■ Strained lo per cent, aged 3 hours at aoo‘’C. 


Table 21. — Mechanical Properties of Ni- 
trided and Vacuum-annealed Specimens 


Time of 
Nitrid- 

Min. 

Lower 
Yield 
Point, 
Lb. per 
Sq. In. 

Yield- 
point 
Elon- 
gation, 
Per 
Cent 
in 2 In. 

Strain- 

a^ng, 

Cent® 

Tensile 

Strength 

Strain- 
aged), 
Lb. per 
Sq. In. 

Total 

Elon- 

gation 

(as 

Strain- 

Cent 
in 3 In. 

I 

24.350 

3.30 

2 93 

38,180 

45 5 

2 5 

24,830 

3 60 

3 09 

38,410 

44 3 

5 

20,240 

5 . 25 

10. 16 

38.820 

43 6 

15 

29.000 

S.25 

x6 00 

41.900 

33 3 

20 

28,000 

5.30 

15 98 

41.250 

33 3 

60 

; 29,400 

4 SO 

20.60 

48,600 

38.5 

180 

I 30,500 

4.00 

19.13 

51,600 

28 0 

480 

30.000 

4-30 

1 17. SI 

49,900 

22 3 


• Strained lo per cent, aged 3 hr. at 200”C. 


corresponding to the furnace atmosphere 
and furnace temperature; further nitriding 
will produce no change in the nitrogen 
concentration of the spedmen. 
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Vacuum Annealing of XUrided Specimens 

Specimens that had been nitrided 
for various lengths of lime were also an- 
nealed in vacuum for 24 hr. at S5o®C. 
Mechanical properties of these specimens 
are given in Table 21. Vacuum annealing 
causes an increase in the effects of nitriding 
that may be explained as resulting from 
homogenization. 

Annealing in purified hydrogen causes 
about the same effects, as may be seen 
from the data collected in Table 22. 


tivity are available to indicate precisely 
the amount of either nitrogen or carbon 
that will cause strain-aging or the yield 
point, but it is believed that the presence 
of either element in amounts of the order of 
0.001 per cent by weight is sufficient for 
both these phenomena to be fully de- 
veloped. This belief is based in part on 
the extremely short times of carburizing 
or nitriding required and in part on analy- 
ses of wet-hydrogen-treated specimens in 
which the yield point and aging have just 
been eliminated. Another reason for be- 


Table 22. — Comparison of Mechanical Properties of Nitrided Specimens Subjected to 

Difertnt Annealing Treatments 


Treatment 

Lower 

I Yield 

1 Point, Lb. 
j per Sq In. 

Yield- 
point 
Elon- 
gation, 
Per Cent 
in 2 In. 

Strain- 
aging,*^ 
Per Cent 

Tensile 
Strength 
(Aged). 
Lb. per 
Sq. In. 

Total 

Elongation 
(Aged), 
Per Cent 
in 2 In. 

Xitnded i hr. as nitrided 

25.050 

4 70 

13.10 

45*600 

29.0 

Nitnded 1 hr. Vacuum-annealed sso°C., 24 hr . 
Nitrided i hr. Vacuum-annealed sso®C. 24 hr., 

29,400 

4 SO 

20.60 

48,600 

28 5 

then cooled down slowly at 7* per hr 

Nitrided i hr. Annealed in pure hydrogen, 550 **C., 

2S.630 

4.60 

17.42 

49,500 

18 4 

24 hr. 

Nitnded i hr Annealed in pure hydrogen, SSO®C., 
24 hr 

29,650 

29,000 

4 60 

5 40 

17.66 

17.0s 

49.000 

21.8 


• Strained lo per cent, aged 3 hr. at 200‘’C. 


Discussiofi and Summary 

It is believed that these experiments, in 
which both the >deld point and strain-aging 
were produced in a material previously free 
from either effect, by the introduction of 
carbon or nitrogen, conclusively demon- 
strate that these two elements are responsi- 
ble for these phenomena as commonly ob- 
served in steels. The role of oxygen has not 
been completely clarified, since all of the 
materials used for carburizing or nitriding 
undoubtedly contained oxygen as a result 
of the wet hydrogen treatment. However, 
from the results of the oxidation experi- 
ments, it might be concluded that oxygen 
per se does not cause strain-aging, although 
it may have a secondary influence on the 
amounts of carbon or nitrogen required. 

No analytical methods of sufficient sensi- 


lieving that such extremely small amounts 
of carbon may be responsible for these 
effects is the fact that if hydrogen-treated 
specimens are annealed for a relatively 
short time in tank hydrogen from which 
the water and oxygen have been removed, 
the yield point and aging reappear. This 
reappearance is believed to be caused 
by the presence of hydrocarbon vapors in 
the tank hydrogen caused by contact of the 
commercial hydrogen with oil during the 
time it was being compressed. The amount 
of hydrocarbon vapor present in such tank 
hydrogen must be extremely small, but it is 
nevertheless sufSicient to cause a complete 
return of the yield point and strain-aging. 
In the absence of accurate analyses follow- 
ing carburizing and nitriding, it is not 
possible to decide which of the two elements 
has the greater effect. 
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Conclusions 

The important results of the experiments 
on the elimination of aging and the yield 
point by wet hydrogen treatment, and 
those on the causes of these two effects, are 
summarized below: 

1. The yield point, strain-aging and 
quench-aging may all be eliminated from 
low-carbon steels by annealing for rela- 
tively short times in wet hydrogen at tem- 
peratures in the neighborhood of 7oo®C. 

2. The time required for complete 
elimination of the jdeld point and aging 
increases as the thickness of the metal or 
its initial carbon content is increased. This 
time is decreased as the temperature of 
treatment increases up to approximately 
74o®C., as the water vapor content of the 
gas is increased, or as the flow rate past the 
surface of the metal is increased, 

3. The elimination of the yield point and 
aging results from the removal of carbon 
or nitrogen or both and if either is reintro- 
duced by carburizing or nitriding, both the 
yield point and aging reappear. 

4. The presence of either carbon or nitro- 
gen in amounts not greater than 0.003 
cent is suflicient to cause both the yield 
point and aging in iron, and it is believed 
that considerably smaller amounts of 
either element are capable of producing 
these effects. 

5. Oxygen fer se does not cause aging or 
the yield point in deep-drawing steels, 
although it may have a minor influence on 
the effects of carbon and nitrogen. The 
effects of oxygen are not completely known. 
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APPEXDIX—REVTEW OF LITERATURE 
The Yield Point 

In general, annealed plain carbon steels 
exhibit the maximum yield-point elonjration in 
the range o 05 to o. 10 per cent carbon. Fritsche^ 
reproduces load-extension curves for steels 
varying from o.ii to 1.45 per cent carbon, in 
which a yield point is exhibited up to about 
0.70 per cent carbon only The yield point in 
higher carbon steels, however, depends on the 
microstructure as well as the carbon content.* 
A plain carbon eutectoid steel does not exhibit 
a 3deld point when isotbermally transformed 
to give pearlite, but does if the same material 
is spheroidized. As Ludwik and Scheu* have 
shown, decreasing the carbon to that normally 
foimd in electrolytic iron decreases the yield- 
point effect markedly. However. Cleaves and 
Hiegel^ recently published load-extension 
curves for high-purity iron (pQ 99 per cent Fe), 
which definitely show a yield point including 
not only a level portion but in some cases a 
definite drop in load The authors state that 
this high-purity iron in general showed a more 
pronounced yield point than did vacuum 
melted electrolytic iron. The high-purity iron 
contained approximately 0001 per cent or less 
of carbon, 0.0001 to 0.0005 per cent of nitrogen 
and 0.001 to 0.004 cent of oxj’gen The 
grain size was approximately 45 grains per 
millimeter squared. Adcock and Bristow® pre- 
pared an iron of almost equal purity and found 
no evidence for a yield point, but this result 
can probably be attributed to excessive grain 
size; photomicrographs in the paper indicate a 
very large grain size. Edwards, Phillips and 
Jones® made up a large number of different 
low carbon alloys and found that certain of 
these did not exhibit a 3rield point. Additions 
of 0.21 per cent titanium or 6 10 per cent 
chromium sufficed to eliminate the jrield point 
where the carbon was less than 0.025 per cent, 
but an alloy containing the same amount of 
titanium with 0.085 per cent carbon was 
found to possess a marked yield point. A third 



AGING AND THE YIELD POINT IN STEEL 




alloy, containing 0095 P®** carbon with 
I 08 per cent titanium, had no marked yield 
point, although it did strain-age slightly. This 
def>endence on carbon content of the alloy 
content necessary to suppress the yield point 
led these investigators to conclude tentatively 
that the jdeld point and strain-aging are not 
attributes of pure iron, but are due to the 
presence of carbon 

With regard to the effect of nitrogen, both 
Kuroda^® and MacGregor and HenseP^ report 
that flow lines are more marked (i e., greater 
yield-point elongation) in steels containing 
higher nitrogen (bessemer) than in those of 
lower nitrogen content (open-hearth). 

Recently, Edwards, Phillips and Liu*^ have 
reported some experiments in which low-car- 
bon steel was annealed in wet hydrogen at 
9So®C., cold-w’orked and then recrystallized 
to obtain a fine grain size. Steel so treated did 
not show a yield point if tested at extremely 
slow speeds, but if the speed of testing was 
increased to a point approaching normal test- 
ing speeds, a small yield point was observed. 

Numerous hypotheses, or theories of the 
yield point have been put forward from time 
to time, but as yet none of these has been 
substantiated conclusively by experimental 
evidence. The more important explanations 
have been: 

1. That carbon (or some other element) is 
rejected at the grain boundaries on cooling to 
form a honeycomb structure made up of hard 
FejC cell walls filled with ductile ferrite. The 
honeycomb structure supports the load to a 
point above the yield strength of ferrite, and 
when the former is finally broken, the speci- 
men flows under a reduced load or without an 
increase in load. 

2. Since certain predpitation-hardening al- 
loys, when tested at elevated temperatures, 
exhibit irregularities in the stress-strain curve 
somewhat similar to those encountered at the 
yield point in iron, it has been suggested that 
the yield point might be in some way connected 
with precipitation occurring within the ferrite. 

3. Since single crystals of iron have con- 
siderable variation of elastic modulus with 
changing crystallographic direction, it has 
been suggested that certain of the crystals in a 
randomly oriented aggregate, owing to the con- 
straints placed upon them by their neighbors, 
may store up sufficient elastic strain energy 


so that when general flow begins it proceeds 
for some time without an increase in external 
load. 

Dalby,®® who obtained some of the earliest 
accurate autographic load-extension curves for 
steel, suggested that a yield point would be 
expected in a material such as mild steel, which 
is “assumed to be an alloy of iron constructed 
of iron aggregates of large size through which is 
distributed a network of crystalline structure.*’ 
The load-extension diagram of such a material 
should then be the resultant of two materials, 
one of which carries the load until elastic failure 
occurs and the other then deforming for a time 
under substantially constant load. Dalby also 
suggested that the load-extension diagram of 
chemically pure iron should be the same as that 
of copper. This network or honeycomb theory 
has been put forward numerous times in more 
specific form since it was suggested by Dalby 
in 1912. Nadai®^ believed the yield point arose 
from a rupture of some grain-boundary ma- 
terial enveloping the ferrite grains. He sug- 
gested that a metastable condition arises in 
which the soft ferrite grains are loaded above 
their true flow limit because of the hindering 
effect of ffie “Zwischensubstanz” in the grain 
structure and the drop in load at the 3neld point 
results from the partial rupture of the grain- 
boundary envelopes. As evidence for this he 
dtes the fact that Fry’s reagent shows in- 
creased attack at the grain boundaries in 
flowed material (this has been recently con- 
firmed by Adcock and Jenkins®*) and the fact 
that as the grain surface area increases (with 
finer grain size) the effect becomes more pro- 
nounced. Ludwik®* also believed this type of 
mechanism would account for the yield point 
in mild steel and cites Scheu’s observation that 
fractured cementite “veins** are observed in 
mild steel that has yielded, and also the fact 
that in low-carbon steels there is a tendency 
for the cementite to collect at the grain boun- 
daries. He does not believe this will explain 
the presence of a yield point in electrolytic iron, 
however, and suggests that here the mecha- 
nism may be somewhat different (cf. Ludwik 
and Scheu’s hypothesis below). Ruroda ® is 
another adherent of this theory and has con- 
ducted numerous experiments to prove it, 
none of which can be considered conclusive. 
He believes the grain-boundary material to be 
cementite in the form of envelopes completely 
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surrounding the grains, which provide a 
“honeycomb” that must be ruptured before 
the ferrite can flow. Fritsche* suggests that the 
3deld point arises because of the rupture of 
pearlite lamellae in a structure consisting of 
ferrite and pearlite. but this explanation will 
not account for the fact ttat the greatest yield 
point is observed in the neighborhood of 0.05 
to o.io per cent carbon, where the fraction of 
the volume occupied by pearlite is extremely 
small, nor for a yield point in spheroidized 
high-carbon steels. 

Some support for the “honeycomb” hypoth- 
esis is to be found in the observations of 
Morgan, Steckler and Schwarz.®* These 
authors find that if a low-carbon steel speci- 
men is very slowly dissolved in ammonium 
persulphate without rapid gas evolution, it is 
possible to preserve a homeycomb type of 
residue, which appears to have been present 
at the original grain boundaries. This network 
is not observed if the specimen is cold-worked 
before solution. Electron and X-ray examina- 
tion of the residue indicates that it may be 
either iron carbide or a hydrate of iron. 
Benedicks®* has recently attempted to show 
theoretically that impurities should tend to 
collect near grain boundaries, which would 
thus lead to a honeycomb of harder material 
even in the absence of a second phase. Ljung- 
gren,®® in a very carefully conducted series of 
experiments with ruled gratings, has attelnpted 
to prove Benedick’s h3rpothesis of “molecular 
enrichment” near the grain boundaries result- 
ing in an increase in hardness. For normal low- 
carbon steels these experiments failed to reveal 
any region of higher hardness except where a 
microscopically visible constituent (e.g., ce- 
mentite) existed. For steels that had been 
annealed in oxygen-free nitrogen at looo^C., 
there appeared to be some evidence for en- 
velopes of a harder region near the grmn 
boundaries. The nitrogen anneal had caused 
an increase in nitrogen content irom 0.007 to 
0.010 per cent. 

Fell®^ objects to the grain-boundaiy theory, 
first because of lack of concludve proof, and, 
second, because in several materials where such 
a boundary layer is known to exist (e.g., gold 
containing traces of lead or bismuth) the metal 
is rendered extremely fragile. He believes that 
the presence of a cementite honeycomb would 
render low-carbon steels completely unwork- 


able. Fell believes the yield point is character- 
istic of pure iron and results from the body- 
centered cubic lattice and the multiplicity of 
possible slip systems. This multiplicity of slip 
systems, together with small grain size, makes 
it possible for deformation to take place along 
the planes of maximum shear Just as though 
the metal were isotropic even on a microscopic 
scale. Takaba and Okuda®* also attribute the 
yield point to the high “flowability” of the 
iron crystals that arises from the multiplicity 
of possible slip systems. 

Without specifying precisely the nature of 
the solute, Ludwik and Scheu® proposed that 
ferrite may be supersaturated with respect to 
“gases” and that any disturbance of the lat- 
tice will lead to precipitation of the solute and 
hardening. In slowly cooled ferrite (e.g., very 
low-carbon steel or electrolytic iron) the only 
“disturbed” lattice is that in the immediate 
vicinity of the grain boundaries, which leads 
to a harder grain-boundary network. Quench- 
ing such a material prevents any precipitation 
even at the grain boundaries and thereby sup- 
presses the yield point; subsequent aging would 
cause precipitation and a reappearance of the 
yield point. They suggest that cold-work causes 
a disappearance of the yield point by solution 
of any precipitate present and aging of cold- 
worked irons allows reprecipitation in the “dis- 
turbed” regions with the reappearance of the 
yield point. Xuntze and Sachs®® would modify 
this h3q)othesis only to the extent of specifying 
carbon as the specific element which goes in 
and out of solution. Epstein®® has suggested 
that elastic straining causes “foreign matter” 
to go into solution, which increases the elastic 
strength above *the “equilibrium value” 
of the yield point. When the metal finally does 
yield, a weak “disturbed” state ensues, 
and flow takes place under a reduced load 
until equilibrium is established, possibly by 
precipitation. 

Andrew and Lee®® believe that 3de1ding in 
steel produces regions of austenite at the grain 
boundaries and slip planes, which immediately 
decompose to small crystals of ferrite. This 
then explains why iron does not deform to 
fracture at the yield, since the small alpha 
oystals have a strengthening effect that 
accounts for the subsequent rise in the load- 
extension curve. They mak6»no effort to ac- 
count for the upper yield point or the hetero- 
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geneous nature of the initial flow in materials 
with a yield point. 

Orowan^*^" has recently observed a type of 
deformation in single cr>’stals of zinc and 
cadmium, which differs from the usual mecha- 
nisms of slip, tw’inning or flexure gliding In 
certain single cr>’stals where the basal slip 
plane is nearly parallel to the stress axis in 
tension or compression, a “kink’' type of 
deformation was observed, which appeared to 
depend on the direction of maximum shear 
stress in the crystal and not on the maximum 
rosoked shear stress. He suggests that such a 
mechanism might account for the formation 
of flow lines in steel which generally take 
approximately the direction of maximum 
shear stress in the specimens without regard 
to crystal orientation. 

Recently*, Edwards, Phillips and Liu*^ have 
succeeded in producing yield points in nickel, 
silver and copper age hardening alloja by com- 
binations of quenching, straining and aging. 
These experiments, together with the fact 
that iron purified in moist hydrogen exhibits 
little or no yield point, and the fact that a >ield 
point may be produced in such a material by 
straining and aging, leads them to conclude 
that the yield point arises from the precipita- 
tion of a solute element on certain planes of 
slip within the crystals 

Strain-aging 

Iron free from strain-aging has been pre- 
pared by a number of different methods: 
Pfeilji* Dean, Day and Gregg, Davenport 
and and Altenburger®® have all found 

that hydrogen purification of low-carbon steels 
or electrolytic iron eliminates strain-aging. 
Dean, Day and Gr^'® and Sauveur^® have 
observed strain -aging effects in electrolytic 
iron, but the first-named authors found that 
these effects could be eliminated by vacuum 
melting. Commercial materials almost com- 
pletely free of strain-aging have been prepared 
by thorough deoxidation and the use oi small 
additions of aluminum, titanium, vanadium or 
aarconium,^®’^^*®* The “nonaging” character of 
the commercial materials is generally improved 
by heat-treatment invohdng either very slow 
cooling^^ or quenching followed by tempering 
at a high tempenlhire.^® 

Four general methods have been used to 


attack the problem of determining which ele- 
ment (or elements) causes strain-aging in low'- 
carbon steel. 

1. The first method has been to make up 
low-carbon steels having varying amounts of 
the particular element being studied (usually 
carbon, nitrogen or oxygen) and then determine 
whether this tendency to strain-age varies as 
the element is varied. A variation of this same 
method has also been used in which a large 
number of steels have been examined for aging 
characteristics, analyzed very completely, 
and then attempts made to correlate the results 
of the aging tests with the various elements 
present, aging then being attributed to the 
element that ^owed the best correlation. These 
investigations have 3nelded inconclusive or in- 
complete results, since all of the materials used 
exhibited strain* aging and the impurity re- 
sponsible for aging had to be inferred from the 
observed variations in the magnitude of the 
aging effect. The principal investigations of 
this type were those of Eilender, Cornelius 
and Knuppel®* and Eilender, Cornelius and 
Menzen.*® 

2. The second method of study has been to 
make certain additions to the steel (principally 
“deoxidizers”) and from the effect of these 
additions on strain-aging the impurity responsi- 
ble has been inferred. This method has been 
entirely successful in eliminating strain-aging 
by the use of various additions coupled (in 
some cases) with special heat-treatments. It 
suffers, however, from the fact that the result 
is obtained by means of an addition agent 
which may affect more than one of the impuri- 
ties present or which may alloy with the iron, 
thereby changing the nature of the material 
being studied This general method has been 
applied principally by Edwards, Phillips and 
Jones,® Davenport and Bain,^ Altenburger,“ 
Wilder^® and Daniloff, Mebl and Herty.** 

3. A third method is to purify the steel in 
moist hydrogen at high temperatures for a 
sufficient length of time to eliminate the strain 
aging, and by following the changes occurring 
by analysis, determine the particular element 
reponsible. Using this method, Pfeil^* con- 
cluded that both carbon and oxygen could 
cause strain-aging; however, nitrogen was not 
considered and the treatments were carried 
out in such a manner that this particular ele- 
ment xxiight have been affected. 
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'I'lio general method of adding a single 
element to a high-purity iron and noting its 
effect on the aging behavior has also been used. 
Dean, Day and Gregg^® and Altenburger^* 
have added nitrogen to purified irons and found 
that strain-aging occurred in materials that 
were free from strain-aging before nitriding. 
Davenport and Bain^* found that vacuum- 
melted electrolytic iron melted under pure 
iron oxide showed strain-aging. Presumably, 
the vacuum-melted electrolytic iron used was 
free from strain-aging before oxidation, but 
this is not definitely stated. Wilder^® found that 
vacuum-melted and hydrogen-purified iron 
(Wemco) exhibited considerable strain-aging 
after annealing in oxj^gen at various temper- 
atures and quenching. The fact that the speci- 
mens were quenched before straining, and the 
fact that the purified material aged without 
oxidation, leave his conclusion that oxygen was 
responsible for strain-aging open to question. 

Hydrogen Purification 
Early investigators disagree as to the effect 
of hydrogen annealing on carbon content; 
thus Forqumon, 3 fi Cely,®“ Ledebur” and 
Charpy and Bonnerat^*-*® report that the 
carbon content of steel or cast iron is definitely 
lowered, while Heyn,^® Wust and Geiger,*^ 
Wiist and Sudhoff^® and Emmons^® failed to 
note any decarburization. Numerous investi- 
gations, principallj’' those of Campbell,** 
Schmitz,*® Austin,*®**’ Baukloh*®"*® and 
others®*”®* have definitely established the 
decarburizing power of hydrogen. The addi- 
tion of water vapor markedly increases the 
rate of decarburization as shown by Camp- 
bell,** Campbell, Ross and Fink,®* Sykes,®® 
Austin*’ and Bramley.*® Sykes**® work on the 
effect of water vapor on hydrogen-methane 
carburizing suggests that the increased decar- 
burizing power of wet hydrogen should be 
relatively more marked at lower temperatures, 
although this has not been studied. Bramley 
and Allen*® in the course of a careful study of 
the carburization and decarburization of steel 
by various gases found that the extent of 
decarburization for a fixed time (20 hr.) and 
a fixed temperature (iooo®C.) increased if 
the water content of a hydrogen-water vapor 
mixture was increased They examined the 
effect of water-vapor content over the range 
o to 15 per cent by volume and their results 


indicate that while increasing water-vapor 
content continuously increases the decarbur- 
izing power of the gas mixture, increasing the 
water- vapor content is more effective at low 
concentrations than at high. They were of the 
opinion that any increase in water content 
above about 15 per cent \\ouId not cause any 
appreciable increase in the decarburizing power 
of the gas. Ciochina®® found that the addition 
of small amounts of oxygen greatly increased 
the decarburizing power of hydrogen. 

Increasing the temperature of de. arburiza- 
tion increases the rate, the greatest increase 
being noted between 7oo®C. and qso^C. ac- 
cording to Campbell,** Austin*® and Johannson 
and Von Seth.®* 

The presence of alloys in the steels being 
decarburized influences the rate of decarburi- 
zation. Campbell** found that large amounts 
of manganese (12 per cent) decreased the rate 
of decarburization in wet hydrogen, as did 
silicon (3,5 per cent). Johannson and Von 
Seth®* on the other hand found that up to 2 per 
cent of manganese, nickel and tungsten did not 
influence the rate, but that approximately the 
same amount of silicon increased it. More 
recently Baukloh and his associates®®*®* have 
reported that silicon, tungsten, molybdenum, 
manganese, chromium, copper and tin all 
decrease the rate of decarburization. Averbukh 
and Chufarov*® found that silicon transformer 
sheets are more readily decarburized in dr>- 
than in w’et hydrogen. 

Hydrogen annealing is reported to remove 
nitrogen from steel b3^ Despretz,’® Edwards,’* 
Mehl and Briggs,’® Altenburger^®'*® and 
others The influence of water vapor does 
not appear to have been investigated. 

With regard to the effect of hydrogen aimeal- 
ing on the other common impurities, Ciochina®® 
has observed desulphurization at temperatures 
as low as 6oo°C. It appears that phosphorus 
may be removed by hydrogen annealing, but 
only at i2oo®C. or higher is the rate appreci- 
able;*® no decrease is observed after several 
weeks at 9So®C.“'®* 

As to the effect of hydrogen annealing on 
properties, PfriB® found that by decarburizing 
in wet hydrogen at 9<>o®C. he was able to 
eliminate strain-aging when the carbon content 
was reduced below 0.003 per cent. This required 
about five weeks for a 1 ^-in. round bar. Alten- 
burger^®'*® has reported the elimination of 
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otram-dj;ing as indicated by a lack of increase 
in tensile strength in the “blue-brittle” range 
of temperature by annealing in tank hydrogen. 
He observed no increase in tensile strength at 
4oo°F. for low-carbon sheets that had been 
annealed at 750®C. for as little as 6 hr. On the 
other hand, Edwards, Walters and Jones*- 
failed to note any decrease in strain-aging after 
annealing in moist hydrogen at 95o°C. 

Bates’® found that quench-aging could be 
suppressed in a 0.026 per cent carbon basic 
bessemer steel by annealing a 0.2 in. round bar 
for 12 hr at 93o®C. in wet hydrogen. The car- 
bon content alter this treatment w'as 0.008 to 

0.012 per cent. Davenport and Bain^^ also 
report a substantial reduction in quench-aging 
in electrolytic iron by hj-drogen purification. 
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DISCUSSION 
{Anson Hayes presiding) 

G. F. Comstock,* Niagara Falls, N. Y. — 
In this very interesting paper, the author has 
described only one of several methods that 
can be used for eliminating the yield point and 
strain-aging of steel. One of the other methods 
is to add titanium to the steel, so that it con- 
tains at least 4^^ times as much titanium as 
carbon. This was described first by Edwards 
and his co-workers in England several years 
ago, in a paper referred to by the author.® It 
was also mentioned in considerable detail in 
a paper presented to the American Society 
for Testing Materials last June. In that paper 
it was shown that steel of this kind with at 
least 4^ times as much titanium as carbon, 
in the form of annealed bars, had a yield 
strength of about 18,000 lb. per sq. in., tensile 
strength of about 47,000 and about 32 per 
cent elongation. These are practically the 
same properties as the author has mentioned 
for the hydrogen-treated steel. 

Since that paper was written, the steel has 
been made under commercial conditions at 
several steel plants, and in sheets temper- 
rolled I per cent, and aged at least five weeks, 
it was found that the yield point was definitely 
eliminated. The properties in sheet form were 

* Titanium Alloy Manufacturing Company 
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about 37,000 lb. per sq. in. yield strength, 
51,000 lb. tensile, 32 per cent elongation, and 
Rockwell B hardness about 40. This steel 
contained 0.045 per cent carbon and 0.33 per 
cent titanium. That gives a titanium-carbon 
ratio of about 7, which is probably higher than 
necessary. The grain size was about six to 
seven on the A.S.T.M. scale. This steel had a 
Rockwell B hardness of about 50. 

The disadvantage of the titanium method 
over the hydrogen method is that an excess 
of titanium must be used in order to be sure 
to have enough, and that excess titanium gives 
slightly greater hardness than the hydrogen 
treatment. However, this steel has been sub- 
jected to deep-drawing tests and, in spite of 
the slightly increased hardness, it shows excel- 
lent drawing quality as well as complete 
elimination of strain-aging. 

Member. — ^Would any of the other carbide 
formers act as titanium does? 

G. F. Comstock. — ^We know that chromium 
will give a somewhat similar effect, decreasing 
the yield point elongation, but in our chromium 
sted the yield point was not entirely elimi- 
nated. Columbium would probably be as 
effective as titanium, but we have not tried it. 

J. R. Low, Jr. — ^T here might be one point — 
that with the titanium addition a killed steel 
is necessarily obtained, is it not? 

G. F. Comstock. — Y es. 

J. R. Low, Jr. — ^T he hydrogen treatment is 
applicable to either rimmed or killed steels. 

S. Epstein,* Bethlehem, Pa. — ^When the 
yidd point is eliminated, is aging also elimi- 
nated, and is quench-aging eliminated to the 
same degree as strain-aging? Can any con- 
clusions be drawn from the work as to possible 
differences between the effects of carbon and 
nitrogen — ^for example, whether carbon may 
have a greater effect on quench-aging and 
nitrogen a greater effect on strain-aging? 

J. R. Low, Jr. and M. Gensamer (authors' 
reply). — ^In answer to Mr. Epstdn's question, 
the following data may give some indication 
of the relative effects of carbon and nitrogen 

* Research and Development Department, 
Betlilehem Steel Company. 
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as far as quench-aging is concerned. One 
hydrogen-treated rimmed-steel specimen was 
carburized for one hour at 7oo°C., and a second 
was nitrided for 8 hr. at 5oo°C. The carburizing 
and nitriding procedures used were those 
described in the paper. The carburized speci- 
men was then heated to 7oo°C in a vacuum 
and quenched into ice water. The nitrided 
specimen was heated to s8o°C. and similarlj" 
quenched. Specimens were then aged at ioo®C. 
Table 23 shows that under these conditions 
there is a marked increase in hardness, due to 
aging, in the carburized specimen and vir- 
tually no increase in hardness of the nitrided 
specimen. 

Table 23. — Quench-aging of Hydrogen- 
treated Steels after Carburizing and after 
Nitriding 


Rockwell is-T 


Aging Time at ioo®C., Mm. 

Carburized 

Nitnded 

Before quench 

Sa 5 

73 4 

As quenched 

79 3 

71 8 


i 78 S 

71 4 


1 86 5 

72 4 

120 1 

87 4 

73.1 

240 j 

87 0 

73.8 

480 

87 6 

1 73 6 

1200 1 

1 

86 7 

1 

73 S 


The results will hardly serve as a means of 
judging the relative effectiveness of carbon 
and nitrogen in producing quench age-harden- 
ing since the amounts of carbon and nitrogen 
introduced are not known. It is, however, 
known that the carburiring and nitriding pro- 
cedures used will cause a complete return of 
both the yield point and strain-aging. 

A. Hayes,* Middletown, Ohio. — Did you 
try the experiment of reheating that steel 
after hydrogen treatment to temperatures of, 
say, 1200® or 1300®, and quench from that 
temperature? I am interested in whether or 
not with such treatment strain-aging would 
return. 

J. R Low, Jr. — ^W e did not try that experi- 
ment precisd.y. ' 

A. Hayes. — What I would like to know is 
if this material was reheated in the absence 

• Director, Research Laboratories, American 
Rolling Mill Company. 
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of oxygen, carbon, and nitrogen and then 
quenched from a high enough temperature to 
dissociate and redissolve some of the aluminum 
nitride, \iould strain-aging return? 

M. Gensamer.— W e did reheat some speci- 
mens that had not been intentionally scaled 
in as good a vacuum as we could make. Of 
course, that is not a vacuum. 1 do not think 
we can answer the question untU we know 
better how to produce an atmosphere that 
does not contain osygen. We had a pretty 
good vacuum, using a three-stage diffusion 
pump, but still it is not a vacuum. 

A. Hayes. — It has been known for some 
time that material exhibits a definite yield- 
point elongation and is essentially free from 
strain-aging when stabilized by suitable anneal- 
ing and slow enough cooling from the annealing 
temperature. Would the elongation at the 
yield point reappear in the presence of alumi- 
num nitride, w’hich probably would be present 
with residual aluminum? 

J. R, Low, Jr. — ^I am afraid we cannot 
answer that. 

C. A. Zapppe,* Baltimore, Md. — This paper 
is a challenging one, but so capably written 
there seems little else to say. 

One pertinent question might be raised, 
however, in regard to the mechanism by which 
these nonmetallics are removed from the sted. 
If they leave by atomic difiudon and quiet 
surface reactions, the change in the material 
will follow from its chemical change; but if the 
impurities react internally and erupt thdr 
way to the surface as insoluble gases, an impor- 
tant structural effect may be imposed on the 
material quite apart from that produced 
mechanically. 

Under the conditions of ammonia synthesis 
and hydrogenation processes, the marked 
decarburization of mild steds seems definitdy 
to be of the latter type. In fact, decarbuiization 
with h3rdFOgen in general shows two marked 
features that lead to that condusion: (i) the 
purification progresses inward as a sharply 
delineated zone of pearlite-free ferrite, with 
no indication of a diffusion gradient of carbon; 
and, (2) until the purification is completed, 

* Assistant Technical Director, Rustless 
Iron and Sted Corooration. 


the material is badly embrittled by the inter- 
granular accumulation of compressed gases.i®i 
In other words, the evidence seems dear 
that the facile H atom enters the metal and 
reacts with the nonmetallic to form an insoluble 
gas, which subsequently explodes its way back 
to the surface. The evidence also seems clear 
that some t3rpe of surface iJbithin the grain first 
receives this insoluble product, before it 
migrates to the grain boundary. The case seems 
general for predpitates of insoluble phases. 
This internal surface for every predpitate 
studied so far is ciystallographic in disposition 
and usually comprises the same planar systems 
that operate during mechanical deformation. 
Consequently, the treatment used by these 
authors may operate in some such subtle way 
to change those mechanical properties, which 
are sensitive to the inherited internal structure 
of the grain. That subject may seem academic, 
and probably is unsolvable on the basis of our 
present knowledge. However, it calls attention 
to the fact that the authors’ claim to having 
“ . . . accomplished the elimination of aging 
and the yidd point by purification, without 
the introduction of allo3dng elements ... ”is 
not strictly true, since in every case they intro- 
duced the two gaseous elements, hydrogen and 
oxygen. 

Furthermore, they introduced them uniquely, 
in that they were in equilibrium quantities 
at that elevated temperature. That cdls atten- 
tion to some effect that the hydrogen-oxygen 
system itself might cause. At room tempera- 
ture, the ratio of H20/H2 drops to such a 
small value that practically all H2O that might 
remain in the minute seats of predpitation 
would tend to react with the contiguous 
Fe lattice to form a tiny film of iron oxide on 
those surfaces that later may be called upon for 
mechanical deformation. 

The Hs liberated from the entrapped H2O 
would add to the original H2. Although out- 
right embrittlement from this hydrogen seems 
to have no place in the present picture, some 
effect from subcritical pressures of predpitated 
Hi mi^t obtain. Once again this reasoning 
carries us b^nd a practical condusion 
because of the Uck of specific information on 
these unobservable facts. 


C. A. Zapffe; Boiler Embrittiement. 
Trans, Amer. Soc. Mech. Engrs. (Fd>. 1944). 
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Some exception might be taken to the con- 
clusion drav^Ti on page 234 regarding the anneal 
in tank hydrogen. The greater partial pressure 
of hydrogen in that test would considerably 
change the metal as an Fe-H alloy, possibly 
accounting for the effects noted. A repetition 
of the experiment using electrolytic hydrogen 
could decide the point simply. 

J. R. Low, Jr. and M. Gensamer. — Dr. 
Zapffe’s suggestion that the changes in prop- 
erties resulting from the wet hydrogen treat- 
ment may not necessarily be due to changes in 
carbon and nitrogen content is an interesting 
one, but the authors do not know of anything 
in their experimental results that would lend 
support to this point of view. The “sharply 
delineated zone of pearlite (or cementite) 
free ferrite,” which is cited as evidence for 
hydrogen penetration and “internal decarburi- 
zation” is not peculiar to hydrogen decarburi- 
zation but to temperatures of decarburization 
below that at which the steel is completely 
austenitic. Certainly for temperatures below 
the Aci such a zone is to be expected unless 
the rate of solution of carbon at the cementite- 
ferrite interfaces within the steel is very much 
slower than the rate of carbon removal by 
diffusion to the surface and reaction there. If 
this rate of solution of carbon is equal to or 
greater than the rate of removal, the observed 
carbon gradient in the region affected by 
decarburization is limited to the solubility 
of carbon in alpha iron; i.e., approximately 
0.03 to 0.04 per cent for these low tempera- 
tures. This explanation seems a much more 
plausible one than that which Dr. Zapffe has 
suggested. Further, if decarbuiization with 
wet hydrogen is carried out at temperatures 
where the steel is completdy austenitic, then, 
as Wdls and Rhines^°* have shown, the carbon 
gradient is a gradual one and of the t3^e that 
would be expected if the mechamsm of decar- 
bruization is diffusion to the surface and reac- 
tion with the decarburizing gas. 

Regarding Dr. Zapfie’s second point, that 
embdttlemmt results from partial hydrogen 
puriScation, we can only say that no such 
^brittlement has been observed. This was 
true m all of the great number of partial 

P. N. Rhinfes and C. WeMs: The luflucoce 
tS, MicrostructuzeupoiitiiARcobessof 
n. Solid Metals. Trans. Amec. Soc. for Metals 
!i 939 ) 648; 


purification treatments carried out. In general, 
the tendency is in the opposite direction. For 
example, the elongation in the tensile test 
tends to increase slightly all through the 
treatment, as may be seen in Fig. i. This 
behavior was observed whether purification 
was carried out in hydrogen containing large 
amounts of water vapor or in tank hydrogen, 
to w'hich no water had been added. 

Dr. Zapffe takes exception to the statement 
that “aging and the yield point are eliminated 
without the introduction of alloying elements” 
on the ground that hydrogen and oxygen are 
both introduced by this treatment. If hydrogen 
is introduced into the sheet during the treat- 
ment it is not present for any great length of 
time following the treatment, since no perma- 
nent increase in hydrogen content is to be 
noted in the vacuum-fusion analyses reported 
in Table 4. The changes in properties are 
permanent, however, and do not vary with 
elapsed time after treatment. 

The increase in oxygen content reported in 
this same table is not thought to be of any 
significance as far as the observed changes in 
properties are concerned, since these same 
changes may be produced by using hydrogen 
of much lower water content; e.g., tank hydro- 
gen. The only difference is in the time of 
treatment required to produce the desired 
effects. It is to be expected that treatment in 
tank hydrogen would reduce the oxygen con- 
tent rather than increase it. 

Dr. Zapffe's suggestion regarding the con- 
clusion reached on page 234 is ruled out by 
the series of experiments described on page 235, 
on which that condusion is based. Briefly, if 
treated specimens are annealed in tank h3^dro- 
gen free from water vapor and oxygen, the 
yield point and aging slowly reappear. Anneal- 
ing in tfl-Tik hydrogen not purified by the 
removal of oxygen and water vapor does not 
cause a reappearance of the aging and the 
yield point. Ih eadi case the partial pressure 
of hydrogen will be substantially the same, so 
that there appears to be no reason for attribut- 
ing the effect noted to a difference in hydrogen 
content. 

R. W. E. Lsxter and J. Winxock:,* Phila- 
ddphia. Pa. — ^The experiments described by 

'^Edward G. Btudd Manttf a ctonog Com- 
pany. 
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Low and Geiisamer 'were well conceived and 
well carried out. The paper makes a most 
significant advance in a more complete knowl- 
edge of this phenomenon. With so much done 


point to tensile strength. This ratio averaged 
0.45 for killed steel and 0.55 for good temper- 
passed rimmed steel. In the wet-hydrogen- 
treated steel described in this paper the ratio 



to show that carbon and nitrogen are respon- 
sible for aging and yield-point elongation, it 
should be possible to find an economical way 
to eliminate them. 

It appears to us that the cost of the w'et 
hydrogen treatment used in this research 
would be very high. The next big job is to 
find a way to lower the carbon and nitrogen 
content by changes in open-hearth practice 
with a moderate increase in cost. 

The authors have made no attempt to 
explain the mechanism of the yield-point 
behavior, but their finding should pave the 
way tow'ard a more complete understanding of 
this baffling subject. 

The nonaging killed steels we used for diffi- 
cult drawing operation in the two years prior 
to the war werfc entirely and permanently 
free of jdeld-point elongation after the proper 
light “temper” pass. In addition, the drawing 
quality appeared to be definitely superior to a 
good grade of rimmed steel even though the 
percentage elongation in a standard 2-in, 
gauge-length specimen is i to 2 points lower 
in the killed sted. We attribute the superiority 
of kflled steel largely to the lower ratio of yield 


has dropped to an average of 0.37 and the 
percentage elongation is at least the equal of 
the best grade of rimmed steel. Therefore we 
predict unusually good drawing quality for 
steel treated in this way. 

Photomicrographs of typical longitudinal 
and transverse cross sections, preferably at 
100 diameters, would be interesting. We have 
found that the grain-size count is in itself not 
too reliable a criterion of surface roughness 
after deep drawing. Fairly large grain in the 
order of A.S.T.M. No. $ and No. 6 may be 
tolerated in grains elongated in longitudinal 
and transverse direction, as is typical in 
aluminum-killed steel. However, in rimmed 
steel where the grain is equiaxed, A.S.T.M. 
No. 7 is about the Tnaximum size tolerated and 
even No. 8 size may draw coarse if there are 
a few scattered larger grains near the surface. 

Effect of cold reduction followed by ordinary 
annealing (7oo®C.) on the properties of hydro- 
gen-treated sheets, Table 15, is interesting. 
The yield-point elongation has returned to a 
moderate degree. It is still small enough to be 
very easily eliminated by roller leveling. We 
note also a pronounced increase in yield point 
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and a somewhat smaller decrease in ten^e 
strength. The resultant increase in elastic 
ratio to about 0.55 throws this steel into 
the drawing q^lity class of a good grade 
of unhydrogen-treated freshly temper-passed 
rimmed steel. It would be very interesting to 
have a statement from the authors as to the 
reason for these changes. The low tensile 
strength is normally indicative of very large 
grain size. If that is true, the 3neld-polnt 
elongation of i.o to 1.6 per cent must be con- 
sidered fairly large. 

In the summary and in the conclusions the 
authors list results of the wet hydrogen treat- 
ment. Complete elimination of the yield point 
is claimed but data in Table s shows only a 
marked reduction of yield-point elongation to 
a value of apprommately Ko of the original. 
Do the authors feel that a longer time in the 
wet hydrogen would completely remove the 
yield-point elongation? 

It may be of interest to the authors that a 
short time ago, in drawing some stampings of 
the aluminum alloy 52S-O (Aluminum Com- 
pany of America symbols), we found definite 
and well-marked stretcher strains. The chem- 
ical anal3rsis of this alloy as given in the 
publications of the Aluminum Company of 
America is 2.5 per cent magnesium; 0.25 per 
cent chromium; and the remainder aluminum. 

We found that the stretcher strains in this 
alloy could be prevented from occurring by 
passing the sheets through staggered rolls 
(‘‘roller leveling”) prior to deep drawing in 
the usual manner. 

Tensile specimens cut from the sheets in 
directions parallel and transverse to the direc- 
tions of rolling produced load-deformation 
curves as shown in Fig. 12 when strained at 
a head speed of 0.125 in. per min. The reason 
these curves show only a “lower” yield point 
and no upper yield point was probably because 
of the unusual sensitivity of these phenomena 
to stress concentrations as described by us else- 
where* and because of the relatively small 
yidd-pomt dongation. We have since found 
that the upper yidd point is increasingly 
difficult to obtain as the yi^-point dongation 


•J. Wiolock and R. Ldter: Some Factors 
AJSecting the Plastic Deformation of Sheet and 
Strip Steel and their Rdations to the Deep 
Drawing Process. Tf^ns. Amer. Soc. Metals^ 
25, 163. 


decreases bdow about 2.5 per cent at normal 
testing speed. That the alloy does possess an 
upper yidd point is undoubted, because a 
yidd-point dongation can occur only if the 
material has an “upper” 3ddd point, regardless 
of whether the load-deformation curve shows 
it or not. 

In Fig. 12 the irregularities in the curve 
after the yidd-point dongation has been 
completed may be due to a phenomenon simi- 
lar to stretcher-strain formation. At each one 
of these irregularities local deformation starts 
at a stress concentration (usually at a fillet) 
and the heterogeneous flow travds across the 
test piece like a “wave” and at some 50® to 
the axis of the test piece. As the wave reaches 
the opposite end, the load moves higher and 
another “flow” band moves across the piece. 
Annealed low-carbon sted behaves in an 
identical manner when deformed in the 200® 
to 3oo®C. temperature range. 

This same type of heterogeneous flow occurs 
well be}mnd the yidd point in Hadfidd 
manganese sted and in the borderline alloys of 
austenitic stainless sted, 18-8 type. 

We are of the opinion that heterogeneous 
flow beyond the yidd point is caused by a 
two-stage hardening process. The first stage 
is the normal work-hardening process and the 
second is a very slightly ddayed predpitation- 
hardening process. This explanation is unques- 
tionably true for low-carbon sted tested at 
200® to 3oo®C. For the 52S-O aluminum, alloy 
the cause may be the same. In the austenitic 
alloys the cause of the ddayed hardening may 
well be a slightly ddayed phase change or 
fast predpitation-hardening following the 
phase change. 

J. R. Low, Jr. and M. Gensaicer. — ^The re- 
appearance of a small yidd point when, wet- 
hydrogen-treated sheet is cold-rolled and then 
annealed has not been explained. The authors 
are of the opinion, however, that the presence 
of a yidd point, and perhaps to some extent 
strain-aging as well, depends not only on the 
amount of carbon or nitrogen present but also 
on the manner in which these impurities are 
distributed. For exaxnple, the addition of cer- 
tain carbide and nitride-forming dements such 
as titanium, vanadium, columbium and chro- 
mium to low-carbon irons w^ serve to diminate 
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to j-ield point when added in amounts that ap- 
pear to depend upon the carbon content. 'o®*^*** 

Further, quenching low-carbon irons from 
temperatures somewhat below the Ac, also 
serves to eliminate the yield point, although it 
does reappear upon aging following the quench- 
ing treatment. These facts, together 
with the well-knowTi effect of grain size on the 
yield-point phenomenon, make it appear likely 
that cementite at the grain boundaries or at 
the boundao* surfaces of some smaller crystal- 
line unit is responsible for the occurrence of the 
upper yield point and Liiders-line formation. 

It may be then, that the wet hydrogen 
treatment eliminates the yield point by the 
preferential removal of carbon from these 
boundary regions without complete decarbur- 
ization. Upon cold-rolling and recrystallization, 
a redistribution of the carbon takes place in 
such a manner as to produce a structure capable 
of exhibiting the small yield point reported in 
Table 15. The grain size of these specimens 
after annealing -was A.S.T.M. Nos. 5 to 7, so 
that the small yield-point elongation reported 
must be considered as being well below 
that present in these steels before hydrogen 
treatment. 

As Leiter and Wlnlock point out, a dis- 
crepancy exists between the claim made in the 
conclusions of the paper that the yield point 
is completely eliminated by wet hydrogen 
treatment and the data of Table 5, wherein a 
small yield-point elongation of some 0.5 per 
cent in 2 in. is reported. Experience with 
other sheet thicknesses indicates that a longer 
treatment of these specimens would undoubt- 
edly have eliminated the last traces of the 
yield point. We have generally considered 
the yield point to be eliminated for all practical 
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purposes when the yield-point elongation is 
reduced to the value mentioned above, pro- 
vided that at the same time the stress for the 
beginning of flow was reduced to a value of 
approximately 12,000 to 14,000 lb. per sq. in. 
when treating rimmed steels. This practice was 
followed throughout the paper in determining 
the times necessary to eliminate the yield point. 

On the other hand, in preparing material 
free from aging and the yield point for the 
carburizing and nitiiding experiments, it was 
necessary to know that the last trace of the 
yield point had been eliminated. In this case 
0.036-in. sheets were treated for 5 hr. instead 
of 3 hr., which according to the above criterion 
would have “eliminated” the yield point. 
Sheets “overtreated” in this manner have no 
yield-point elongation and the stress for the 
beginning of flow and the tensile strength are 
somewhat lower. Test results on specimens of 
this t3rpe are included in Table 16, where it 
will be noted that all of the eight specimens 
that were not oxidized or vacuum-annealed 
following wet hydrogen treatment have zero 
yield-point elongation. 

The load-extension curves for 52S-O alumi- 
num alloy-sheet specimens which Leiter and 
Winlock have included in their discussion are 
of considerable interest because of the many 
points of similarity between the behavior of 
this material and that observed in low-carbon 
steds exhibiting a yield point. Similar irregu- 
larities in the load-extension curves for other 
aluminum alloys have been observed; e.g., in 
17S-O and 24S-O. In the latter materials, 
however, the Lflders lines that are formed at 
each irregularity are not propagated over the 
surface of the specimen. The sudden localized 
shear which leads to the Liiders line is followed 
by an increase in load accompanied by what 
appears to be a period of elastic deformation. 
When the load has increased sufficiently, 
another Lflders line of the same character as 
the first suddenly appears at some other 
point, accompanied by a second drop in the 
load. This process continues until finally, in 
the latter stages of deformation, the formation 
of one of the Ltlders lines causes fracture. Thus, 
in these materials a large portion of the 
deformation might be described as a series of 
upper yidd points. Since the Ltlders lines 
formed are not propagated, no lower yield-point 
elongation of any great magnitude is observed. 
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We are in complete agreement with the 
view held by Leiter and Winlock that any 
material capable of forming Ltiders lines must 
possess an upper yield point even though it 
is not observed in the autographic load-exten- 
sion curve for a 2-in. specimen of the standard 
shape. The series of events that results in a 
load-extension curve having an upper and 
lower yield point and a marked yield-point 
elongation, we believe to be somewhat as 
follows* As the load is gradually increased the 
stress in some region of the test piece finally 
reaches such a value (usually at the fillet or a 
machining scratch) that the true upper yield- 
point stress is exceeded locally and the material 
fails elastically by shearing along the plane of 
maximum shear stress. As a result of this local 
plastic deformation, a Liiders line is formed. 
The change in section at the boundary of the 
Luders line then acts as a mild stress raiser, 
wMch serves to raise the stress above the true 
upper yield point of the unstrained material 
in this region. This material then yields and 


the boundary moves farther along the speci- 
men, with no increase in the load applied until 
the entire specimen has been strained “through 
the yield point” and the particular structure 
leading to the phenomenon of an upper yield 
point has been destroyed. After the entire 
reduced section of the specimen has been 
deformed, an amount equal to the deformation 
occurring in the first Luders line the yield- 
point elongation ends and the material then 
strain-hardens uniformly and the load-exten- 
sion curve rises. If this picture of the mechan- 
ism of deformation is correct, the initial yidd 
point in steels and the irregular load-extension 
curves of the aluminum alloys are different 
aspects of the same phenomenon. A lower yield 
point with appreciable yield-point dongation 
will be observed, however, only in materials 
in which the stress-raising effect of the Ltiders 
line and the strain-hardening characteristics 
of the material are such that the Ltiders line 
is propagated. 
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In this paper it is shown that when the 
tensile strength of a given steel in various 
states of heat-treatment is plotted against 
its elongation, a straight line results. The 
equation of this straight line can be com- 
puted with considerable accuracy from 
its chemical composition. The appropriate 
equations are given. 

The logarithm of the slope of the tensile- 
strength locus is shown to be proportional 
to the cumulative effect of the total alloy 
addition and the position of the line to be 
directly proportional to the cumulative 
effect of the alloy content. 

It is further pointed out that heat- 
treatment is more effective than composi- 
tion in determining yield ratio. The latter 
enters mainly by its effect on hardenability, 
which is briefly discussed. Reduction of 
area and Brinell number are given some 
incidental attention. 

The data are applicable only to steels that 
have been normalized and/or quenched. 
The steels, if normalized, may or may not 
have been tempered. If quenched they 
must have been tempered at or above 
4oo*C. ( 7 So"F.). 

lOTRODtrcnoN 

Cast steels vary in composition and 
frequently are used in various states of 
heat-treatment. It is obviously important 
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to be able to predict the compositions that 
might accompany specific engineering prop- 
erties by suitable selection of heat-treat- 
ments. For cast steels, which are of neces- 
sity produced heat by heat in accordance 
with the particular requirements of the 
castings to be poured, there has been, 
happily, much less tendency to standard- 
ization than for rolled products, whose 
destination is not necessarily known when 
particular ingots are made or rolled. It is 
of distinct advantage to the steel foundry- 
men to be able to make steel of given prop- 
erties, using alloys that can be recovered 
from scrap, or most conveniently or cheaply 
bought, rather than a particular formula 
adopted in the interest of standardization. 

The heat-treatment appropriate to secur- 
ing a given result in a given steel is well 
known to be closely related to composition. 
For example, molybdenum steels are not 
much softened by tempering except at 
rather high temperatures. Highly alloyed 
steels are “air-hardening,” and on cooling 
in air behave like carbon steels that have 
been quenched. With these matters, we 
do not concern ourselves in this paper, al- 
though we recognize their importance. 

The entire picture evidently will be very 
complex and can be brought within accu- 
rate understanding only if our knowledge 
of test results can be coordinated in terms 
of general principles. 


Laboratory of the National Malleable and 
Steel Castings Co., Cleveland, Ohio. (Mr 
Bock is now in the Corps of Engineers, U. S. A.) 
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PRELmmARY Considerations 

Very many curves plotting the mechan- 
ical properties of a given steel against 
heat-treatment have been published. If 
the tensile strength for each heat-treatment 
is plotted against the corresponding elonga- 
tion, the locus invariably is very nearly 
a straight line, even though the initial 
graphs wdte curved. This investigation 
thus begins with the postulate, since con- 
firmed, that the relation under discussion 
is always rectilinear. 

A study of the data for rather “pure 
steels”^ leads to the conclusion that the 
logarithm of the slope of such lines is pro- 
portional to the carbon content. This was 
again found to be substantially true for 
other alloying elements, though some 
future comment will be necessary. 

We are thus led to the much simplified 
problem of determining the coefficients 
correlating the logarithm of the slope of 
the tensile strength-elongation locus and 
its intercept on the strength ordinate as 
functions of chemical composition, a task 
that, though laborious, has presented no 
insuperable difficulties. 

We are aware of the data of Janitzky 
and Baeyertz,* which seem to indicate a 
curvilinear relationship. Either the present 
observations do not completely confirm 
theirs, or the discrepancy arises because in 
the present work account is taken of dif- 
ferences of composition. 

The linear relation of tensile strength 
and Brinell number is well known. In- 
deed, many metallurgists estimate tensile 
strength by taking 500 times the Brinell 
number. Modifications of this relation 
with composition were noted and re- 
corded. Our ideas of system in relation to 
yield strength and reduction of area were 
not found on earlier records but developed 
as the work progressed, and will be dis- 
cussed later in the paper. There seemed 
some need of drawing hardenability into 

1 References are at the end of the paper. 


^ 5 ^ 

the picture, and in that field we attempted 
to correlate our work with that of Gross- 
mann^ as far as possible. 

In interpreting test data, some recogni- 
tion must be taken of the reproducibility 
of results. A study of the agreement of 
duplicate tests on metal cast from the 
same heat and heat-treated together, often 
attached to the same feeder, showed that 
for quenched and tempered steels having 
tensile strengths of about 110,000 lb. per 
sq. in. and elongations of about 17 per cent, 
the standard deviations of the test results, 
whether carried on by the company's 
Inspection and Test Department at the 
plant or in the Research Laboratory, are 
of the order of magnitude of 4000 lb. per 
sq. in. for ultimate strength, 3000 lb. per 
sq. in. for 3deld strength and 2 per cent for 
elongation. Since this result is largely 
independent of the testing machine or 
operator, and since the Research Labora- 
tory machine is never in error by more than 
0.15 per cent, these uncertainties are 
believed to be related to undetected varia- 
tions in the test coupons themselves. 

Scope of the Investigation 

The matter reported here is actually only 
a part of an investigation covering many 
other properties, which was initiated in an 
attempt to find any existing correlations be- 
tween the several observed phenomena. 

It was realized in the beginning that for 
the investigation to have value the steels 
would have to be made by commercial 
processes, and preferably by a variety of 
processes. An extension of the present 
work, still in progress, deals with finishing 
techniques. In the present investigation no 
recognition is given to differences in proc- 
esses, and no need for such recognition has 
developed. 

The decision to use commercial heats 
limited the steels generally to compositions 
required by the trade. Only a few special 
heats were made. Any program of special 
steels was further handicapped by the 
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inability to obtain the necessary alloys 
when the use of all such material was 
severely restricted. 

Since it was felt necessary to demon- 
strate in each case the rectilinearity of the 
tensile strength-elongation relation, about 
40 heat-treatments, representing various 
combinations of normalizing, quenching, 
tempering and aging, were included. The 
assumption of rectilinearity was graphi- 
cally justified in each case except for fully 
annealed steel and quenched steel tempered 
below 400®C. (750°?.). The latter invariably 
fell on the high side of the straight line, 
the former often fell below. The conclu-* 
sions, therefore, are definitely limited in 
scope to exclude these heat-treatments, 
which commercially is not much of a 
handicap. 

Logically, heats should have been made 
with various concentrations of each of the 
six or seven important elements while all 
the others were held constant, but the cost 
and time of such a procedure would be 
prohibitive. The present report is based on 
25 heats whose composition was selected 
as judiciously as practicable from the 
available possibilities. This number is ad- 
mittedly smaller than might be wished, but 
since about a ton of coupons was cast from 
each heat, and since the preparation and 
testing of specimens, metallographic and 
chemical confirmation, occupied more than 
three years (many properties not reported 
here were studied), it was impracticable to 
do more. The statistical treatment of the 
data upon which this paper is based occu- 
pied the computer about six months. 
Statistical criteria and methods must be 
relied upon in evaluating and interpreting 
the data, because of their great bulk. These 
are quite standardized and explained in 
numerous well-known texts. Under these 
circumstances, the reader is asked to bal- 
ance the completeness and accuracy with 
which each heat was studied against the 
relatively small number of heats before 
criticizing the work too severely. 


Experimental Procedure 

The experimental technique involved 
nothing unusual and may be dismissed 
with few words. The present investigation 
covers 25 heats made mostly at the 
National Malleable and Steel Castings Co. 
plant at Cicero, III., but partly also at the 
plant at Sharon, Pa. Most of the steel is 
acid electric metal deoxidized with calcium 
silicide and aluminum. A few of the Sharon 
heats are basic open hearth. Three heats 
were Ti killed instead of A 1 killed. Where 
about 2 lb. of A 1 was used per ton, the A 1 
recovered in the metallic state ranged from 
0.003 to 0.046 per cent, but almost always 
from 0.010 to 0.022 per cent. Not all the 
heats were analyzed. One Ti-killed heat 
contained 0.0065 per cent soluble Ti and 
0.0049 por cent insoluble, believed to be 
titanic oxide. All the heats contained 
approximately 0.035 cent each of sul- 
phur and phosphorus. None of these 
analyses form part of the conclusions and 
they are offered only as descriptive of the 
conditions of the experiments. 

The composition of the heats was deter- 
mined largely by commercial considera- 
tions, but covered as well selected a range 
of composition as was available to us. All 
of them were analyzed in the Research 
Laboratory for all the elements of interest 
in the investigation. 

From each heat about 150 coupons of 
the usual “keel-block” type were cast. 
These were either cast to about i-in. 
diameter or rough-turned to that size 
before heat-treating. After heat-treating 
the specimens were machined to the 
familiar threaded-end 0.505-in. diameter 
form. According to the custom in this 
laboratory, the diameter near the middle 
of the gauge length was made 0.001 to 
0.002 in. smaller than the ends. The data 
are calculated with reference to the mini- 
mum diameter, which was held within 
0.001 in. to rarely 0.002 in. of the desired 
0.505 in. All specimens were filed and 
polished to diminate tool marks. 
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Any specimens showing defects ex- 
ternally were discarded and replaced by 
others. All tests were made in duplicate 
and in the relatively unusual case of dis- 
agreement close inspection of the fracture 
was made to detect a cause. If successful, 
the result was discarded and the specimen 
replaced by another. In the few cases where 
such examination was inconclusive, a third 
specimen was broken and some judgment 
used as to whether to take the average of 
three, or of the two most nearly alike. 
It may be well to state in passing that two 
heats that consistently showed flaws of the 
subsurface, blowhole type were dis- 
carded and replaced by others of similar 
composition. 

A stress-strain diagram was plotted for 
each case, with a Berry gauge. A yield 
point was recorded if, at any load, strain 
increased “without significant increase in 
stress”; otherwise a yield strength corre- 
sponding to a o.i per cent offset was 
recorded. 

After the specimens had been broken, 
the threaded end was sawed off the con- 
necting broken part of the gauge length, 
the sawcut was filed and polished and a 
Brinell impression made at the axis of the 
specimen using a (i-cm.) Carboloy ball. 

In the portion of the work underlying 
this paper there were about 40 heat- 
treatments for each melt. It seems a waste 
of space to enumerate them in detail. 
They represent normalizing from goo^C. 
(i65o®F.) and/or from 820®C. (i5oo®F.), 
either untempered or tempered, at a series 
of temperatures beginning with 400®C. 
(75o®F.) and advancing by ioo°C. (i8o°F.) 
steps to the last permissible interval below 
the known Aci point; also, quenching from 
900® or 82o®C. in the latter case, sometimes 
after preliminary normalizing at goo^C. 
followed by a variety of quenches as before, 
but terminating at the first step above 
Aci. Quenching was always in oil and in 
many heats also in water. It is known that 
in all cases tempering was continued (gen- 


erally 2 hr.) until constancy of properties 
was obtained. T3npical heat-treatments 
were followed by aging at 2oo®C. (40o®F.). 
All heat-treatments were in air in a 
“Hump” electric furnace fitted with a 
Leeds and Northrup-G. E. control panel 
and recorder controller. Fluctuations on 
the chart were held to less than s°C. 
Decarburization was eliminated as a 
variable by the amount of metal, nearly 
in., removed after heat-treating. 

Additional small specimens approxi- 
mating Ji-in. cubes were normalized and 
quenched and then tempered at suc- 
cessively higher temperatures to determine 
the lowest indentation hardness obtainable 
on each one of the several steels. 

Jominy hardness curves were obtained 
on each steel. The steel was normalized 


Table i. — Analyses of Heats 
Per Cent 


Heat No. 

C 

Si 

Mn 

Ni 

Cr 

Mo 

V 

Cu 

I 

0.31 

0.44 

0.71 

3.3s 

0.03 

0 03 

0 00 

0.07 

3 

0.33 

0.37 

1.20 

0.65 

0.03 

0 03 

0 00 

O.IO 

3 

o.'38 

0.43 

I 43 

0 01 

0 03 

0 03 

0 00 

0 10 

4 

0 2A 

0 30 

0.74 

0 03 

0.02 

0.39 

0 00 

0.05 

5 

0 30 

0 31 

0.73 

1.67 

0.54 

0 26 

0 00 

0.04 

6 

0.35 

0.38 

0 81 

I 37 

0.02 

0 10 

0 09 

0.07 

7 

0 33 

0.41 

0 81 

0 00 

0.08 

0 04 

0 00 

O.IO 

8 

0.23 

0 38 

0 74 

0 81 

0 37 

0 23 

0.00 

0.03 

9 

0 35 

0 34 

1. 18 

0.02 

0 03 

0 03 

0.00 

O.IO 

TO 

0 40 

0 39 

0 67 

0.32 

I 44 

0.47 

0 15 

0.13 

II 

0 395 

0 89 

0 46 

I 00 

0.04 

0.37 

0 00 

0.03 

13 

0 36s 

0 43 

1.20 

0 68 

0 05 

0.38 

0.00 

0.06 

13 

0 38s 

0 48 

0 74 

0.16 

I.I 3 

0 33 

0 00 

0.09 

14 

0 40 

O.SI 

I 58 

0 12 

0.13 

0 08 

0.13 

0 11 


0 39 

0 38 

I SO 

0 09 

0.06 

0 41 

0 00 

0.13 

10 

0.355 

0.43 

1.34 

1.33 

0 33 

o.xo 

0 00 

0.13 

17 

0 395 

0 53 

1 sil 

0.08 

o.z6 

0 31 

0 09 

0 35 

18 

0 38 

0 45 

1.34 

0.04 

0.07 

0 03 

0 00 

0.03 

rp 

0.355 

0 44 

I 30 

0.07 

O.II 

0 11 

0 . 00 | 

1.64 

30 

0.32 

0.39 

I 30 

0.00 

0 03 

0.30 

0.09 

0 OS 

31 

0.335 

0.47 

I 41 

0 06 

0.38 

0.11 

0 00 0 03 

33 

0.39 

0.39 

I 60 

0.13 

0.05 

0.34 

0 00 0 81 

33 

0.53 

0.58 

0 83 

O.OI 

0.03 

0 06 

0.00 0 10 

24 

0 44 

0 . 6 $ 

0 88 

0.03 

0 03 

0 49 

0 00 0 35 

25 

0 43 

0.40 

0.75 

0.03 

O.OI 

0 16 

0 oojo.ii 


preceding this test, because in some no 
“green” material remained when this 
stage was reached. This may be open to 
criticism, since many, but hot all, castings 
are quenched without previous normal- 
izing. The specimens were ^-in. diameter^ 
enclosed in a shell 1 in. in exterior diam- 
eter. The bottom of the shell was He in. 
’ thick and thermal contact was maintained 
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mth the end of the specimen by the intro- the tensile strength-elongation relation and 

duction of a little Rose metal. The pro- the tensile strength-Brinell number relation 

cedure has been employed by Focke at the may be summarized in a graph similar to 

Diamond Chain Co.,^ we think, and has Fig. i. Even the reproduction of 25 such 



riG. I. — Relation of tensile strength to Brinell number and elongation of a single 

STEEL IN VARIOL'S STAGES OF HEAT-TREATMENT. 

The vertical cross represents a normalizing treatment from 9oo°C. (i65o®F ). 

The diagonal, or St. Andrew’s cross, represents a normalizing treatment from 82o°C. (isoo°F ). 
The open circles represent quenching and tempering treatments, the quenching being in oil 
from either 900® or 82o®C. 

The solid circles represent heat-treatments that terminate in a draw at a temperature just 
above the Ai point of the present steel. 

The triangle pointing up represents full annealing, and the triangle pointing down, quenching. 


been found in our laboratory to give results 
identical with the use of a full-sized 
specimen. 

Experimental Data 

The analyses of the several heats are 
assembled in Table i. 

The test data comprise records of some 
10,000 observations, which, unfortunately, 
cannot be included here. For each steel 


figures seems avoidable, for, at least for 
the purpose of discussion of the three 
properties now in question, the trend line 
of each array of observations can be de- 
scribed, corresponding to a single steel, 
by record of its slope (a for elongation, x 
for Brinell number) and its intercept on 
the tensile strength or Brinell number 
(b and y, respectively.) This is done in 
Table 2. For the Brindl number, the 
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scatter is so small that trend lines can be 
determined by inspection; for elongation, 
they are the lines of regression of elongation 
on tensile strength as computed by least 
squares. 


Table 2. — Tre^id Lines 


Heat No. 

a 

h 

at X 10^ 


y 

' 

z 

2 20 

20 2 

500 


- 0.3750 

2 

3 67 

16 5 

441 

+ i 3700 

3 

4 

5 

4 80 

14 8 

14 0 
az 0 

458 

463 

480 

+ 1 3200 
+ 0 6383 
4-0 4000 

6 

3 77 

16 7 

454 

+0 8280 

7 

4 22 

IS a 

500 

4-0 2500 

8 

3 66 

16 z 

461 

4-1 0850 

9 

3 77 

z6 0 

421 

4-1 7270 

10 

I 87 

21 5 

484 

-f“0 4580 

IZ 

2 49 

18 0 

500 

- 

-0 5000 

za 

2 05 

Z 9 a 

439 

* 

-1 2500 

13 

I 84 

az .3 

4 S 8 


-1 0200 

14 

2 Z 4 

20 5 

455 

- 

-I 0000 

zs 

z 64 

22 0 

471 

- 

-0 2900 

z6 

2 27 

20.8 

452 

-J 

-0 8300 

17 

2 45 

19 4 

432 

- 

-I 5600 

Z8 

3 57 

16 7 

493 

- 

-0 2100 

19 

z 91 

2 Z 6 

491 

- 

-0 0300 

20 

2 06 

21.6 

500 

- 

-0 2500 

21 

2 lA 

2 Z .2 

475 

- 

-0 2500 

22 

I 76 

20 4 

4 S 3 

- 

-0 8800 

23 

1.87 

2 Z 2 

S15 

- 

-0 3300 

24 

I 38 

22 9 

500 

— 0 7000 

25 

a. 23 

z 8 7 

483 

4-0 5X00 


The minimum Brinell numbers for the 
several steels are recorded in Table 3. 

Table 3. — BrineU Numbers and Elongation 


Steel No. 

Minimum 

Bnnell 

Elongation at 400® 
Tempering, Per Cent 

I 

187 

9*3 

2 

165 

16 5 

3 

175 

10 8 

4 

151 

18 3 

5 

197 

5 5 

6 

156 

20 8 

7 

156 

21 3 

8 

148 

16 0 

9 

158 

16-5 

10 

207 

I 3 , 

IZ 

194 

3 5 

12 

197 

13 0 

13 

194 

5.3 

14 

197 

7 3 

15 

187 

0.5 

16 

207 

3.5 

17 

201 

5.3 

18 

179 

14' 0 

19 

197 

7.0 

20 

187 

II . 5 

21 

192 

10 3 

22 

229 

0 8 

23 

187 

6 0 

24 

217 

3.0 

25 

172 

8 0 


The average elongation corresponding 
to quenching followed by a 400®C. (750®?.) 


tempering process — ^which, be it remem- 
bered, was always found to be rather 
closely on the appropriate trend line — ^has 
been picked out of the records and listed 
in Table 3. 

The Jominy curves for the 25 heats are 
shown in Fig. 2. 

Evaluation of Data 

If the preliminary observations are cor- 
rect, the slope a of the line of regression of 
elongation on tensile strength should be 
represented by such an equation as: 

loga = a + fiC + ySi + 5 Mn + eNi 

+ rCr + 77Mo + 0V + iCu [i] 

and the intercept of the line (prolonged) 
on the line of zero elongation & by an 
equation of similar form. The values of the 
Greek letter coefficients would be ex- 
pected to differ in the two equations. 
Tables i and 2 give 25 values of log a and h 
accompanied by a similar number of 


Table 4. — Coefficients 



Log a 

. h 

To 

Eo 

Constant 

1 . 25262 

5. 18479 

3 7798 

SO 467461 

C 

— 0 01665 

0.23237 

4-0 0679 

-0 027065 

Si . ... 

0 000 *>3 

— 0,00172 

H-o 0102 

—0 081446 

Mn ... 

— 0.00096 

0 02501 

-i-O 0159 

-0 073307 

Ni .... 

— 0 00094 

0 01632 

+0 0047 

“0 037237 

Cr .. .. 

-0 00055 

0.01633 

4-0 009s 

-0 047877 

Mo 

— 0 00505 

0 07174 

4-0.0196 

— 0.200159 

V 

— 0.00064 

0.04259 

4 - 0.0119 

0.075156 

Cu.. .. 

— 0 001 14 

0.01841 

1 4-0.0060 

— 0.031304 


values of the concentrations of the eight 
elements. The chemical symbols in Eq. i 
represent the concentrations of the re- 
spective elements. Having 25 equations in 
nine unknowns, the problem is over- 
determined” and, by least squares, the 
values can be calculated of the Greek 
letter coefficients that will make the best 
fft, considering all 25 steels. These coeffi- 
cients are assembled in Table 4. The 
standard error of fft for logo is 0.0745 
and for b is 1.43 1, fhe units of measure- 
ment being o.oi per cent for concentration, 
10,000 lb. per sq. in. for tensile strength 
and I per cent for elongation. 
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From the values of x and y in Table 2, 
the tensile strength T in units of 10,000 
lb. per sq. in., corresponding to a given 
Brinell number B, follows from 

T = Bx + y [2] 

Using the data of Table 2, the minimum 
tensile strength To of each steel is cal- 
culable and related to composition by least- 
squares calculation, as before. The appro- 
priate coefiScients are also included in 
Table 4. The standard error of fit of calcu- 
lated and observed values of To is 3060 lb. 
per sq. inch. 

Setting these values of Tq for T in Eq. 2 
along with the corresponding values of 
a and h will yield the maximum obtainable 
elongation. 

Again, by the usual least-squares method 
of elongation, Eo of specimens quenched 
and tempered at 4oo°C. (7So®F.) has been 
expressed in terms of composition by an 
equation of the form of Eq. i, and the 
proper coefficients included in Table 4, 
The standard error of fit is 2.03 per cent. 

Our study of yield points and 3deld 
strengths and of reduction of area has 
not yet advanced to the point where we 
wish to correlate them quantitatively with 
chemical compositions; therefore this paper 
will not be burdened with numerical data 
on this subject. 

Discussion oe Observations 

It is plain that using equations of the 
form of Eq. i, and the data of Table 4, 
the parameters a and h of the locus of the 
tensile strength-elongation relation of any 
steel can be calculated easily from its 
compositiop and its equation can be ex- 
pressed in the form 

E = - T) [3] 

From the data of that table, To, the mini- 
mum attainable tensile strength, also can 
be calculated. Substituting To for T in 


Eq. 3, the maximum elongation (Enu) 
will be obtained: 

JSnut* “ — To) [4I 

From Table 4 and an equation having the 
form of Eq. i, Eo, the minimum elongation 
obtainable by tempering at not less than 
400®C., can be calculated. Suitable sub- 
stitution yields a value for the maximum 
tensile strength 7*400 to which an equation 
of the form of Eq. 3 would apply for a 
given steel. 

Needless to say, this gives complete 
knowledge of the obtainable properties 
within our self-imposed limits of heat- 
treatment; which, incidentally, cover pretty 
much the entire commercially desirable 
range. 

There is a generally accepted opinion 
that nickel concentrations greater than 
about 2 per cent are not useful. We were 
led to consider the possibility that the 
effect of that metal on log a and h might 
not be linear as postulated. Plotting the 
difference between the observed values 
of these parameters and the calculated 
value neglecting nickel against the con- 
centration of that element did not suggest 
any need for a correction of that t3q)e. A 
similar investigation with regard to chro- 
mium and manganese, the only other ele- 
ments studied in considerable concentra- 
tion, corroborated this conclusion. It is 
to be remembered that this statement is 
made from the relatively practical view- 
point of predicting the properties of com- 
mercial steels and that the program fol- 
lowed was not suited to an investigation of 
purely academic interest into the effects of 
very low concentrations of alloys. 

If the coefficients for calculating log a 
and h from composition were in the same 
ratio for aU elements, there would be no 
choice, as far as attainable combinations of 
elongation and tensile strength are con- 
cerned, between various types of allo3ra; 
in fact, no alloy steel would produce any 
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result not attainable by a plain carbon 
steel. This is exclusive of considerations 
like hardenability, which determine how 
deeply steels will harden, or their casting 


significance. The practical significance of 
the correlation of log a and b is that there 
is but a limited possibility of altering the 
relation of tensile strength to elongation by 



Fic. 3 . — First approximation of tee best attainable combination of tensile strength 

AND elongation. 

Ciides are points of closest approach of the observed loci to the curve. 


characteristics. Molybdenum and carbon 
do have coefficients almost exactly in the 
same ratio, and substitute for one another 
in constant proportion as far as the prop- 
erties under discussion are concerned. It is, 
of course, much easier to produce the 
properties associated with drastic quench 
in molybdenum steels than in carbon steels 
in sections of considerable thickness. 
Nickel and copper present such similarities 
of constants as to suggest a considerable 
degree of interchangeability. 

The various constants of Table 4 do 
not seem to be merely unrelated empirical 
values but often possess a high degree of 
correlation. The correlation coefficient of 
log a and b is —0.975. The correlation 
coefficient of x and y is —0.92, Both of these 
have a very high degree of statistical 


selection of alloys. Even a and y in the 
table have a correlation coefficient of 0.66, 
which is highly significant statistically. 
Had it been assumed that the relation of 
a and b did not depend on any particular 
choice of alloys, then by least squares from 
Table 4: 

log a =» 1.52 — 0.05886 [5] 

It can be shown that this equation repre- 
sents a family of straight lines tangent to 
the locus of 

E = 1.954 — o.o588!r [6] 

T being in units of 10,000 lb. per sq. in., 
as elsewhere in this paper. This locus is 
shown in Fig. 3 and represents the best 
attainable combination of properties by 
limitless choice of composition and heat- 
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treatment subject to the fallacious assump- 
tion that the combinations do not depend 
upon the particular alloys selected. It 
furnishes, however, a useful first approxi- 
mation of what is attainable.* 

It was the authors’ hope to examine their 
data on hardenability in the light of Gross- 
mann’s, but certain difficulties were en- 
countered. In this investigation there was a 
somewhat greater range of grain sizes, and 
there were difficulties in deciding what con- 
stituted the “half hardness.” Vaguenesses 
also arose with very hardenable steels con- 
taining much chromium. 

Metallographically there is no region in 
which the structure of our steds con- 
tained only martensite and troostite; 
ferrite was always present. To establish 
the conditions under which the Jominy 
tests of this investigation were equivalent 
to Grossmann’s “ideal critical diameter,” 
it was found empirically that a half hard- 
ness value should be selected about one 
Rockwell C number higher than Gross- 
mann’s maximum assumption for his alloy 
steel of equal carbon content; also, the 
lower boundary of his effect of chromium 
should be selected. With these assumptions, 
no systematic variations were found from 
calculated values that suggested any re- 
vision of the factors for particular elements. 
The writers were not, however, able to 
bring about an agreement within 15 per 
cent between calculated and observed 
values. 

So far we have not been able to bring 
about an entirely satisfactory under- 
standing of yield strengths (yield points), 
although we have established certain 
principles and qualitative relations as a 
basis for further mathematical treatment, 
which should be of interest in the present 
connection. 

In brief, we find that any steel within 
the range of our studies may have either 

• Can Janitzky and Baeycrtz* curved loci 
be similar approximations to a series of straight 
lines or are they comparable to our obser- 
vations on material tempered below 4oo®C.? 


a yield point or a yield strength. The result 
depends upon the type of heat-treatment; 
hence, to some extent, but not completely, 
on the Brinell number. The transition 
value of this property when a change is 
made from one type of plastic deformation 
to another is not perfectly sharp and ap- 
parently bears some relation to composition. 

The yield ratio of a steel apparently is 
determined much more by the type of 
heat-treatment than by the composition, 
and is but little affected whether there is 
a yield strength or a yield point. 

On the first 18 of the presiit series of 
steels it was found that either the yield 
point or yield strength ( 7 ) was related 
to the tensile strength T, both in units of 
10,000 lb. per sq. in., by 

^ *= —3-39 + 1.06222T [7] 

if the steels were limited to oil-quenched 
steels tempered at and above 5oo®C. Lower 
tempering temperatures and more drastic 
quenches raise the value of 7 for a given 
value of T. There seems to be no doubt 
that hardenability must be drawn into 
these considerations, for evidently, in 
imagination at least, a steel might have a 
composition rendering it fully hard as the 
result of air quenching, or completely 
unhardened by the most drastic quenching. 

However, normalized and tempered 
steds all seem to conform rather wdl to 

7 - -1.66+0.83993^ [8] 

Untempered steels cannot be nearly so 
well coordinated, perhaps for the harden- 
ability reasons just given. Their yield 
strength ( 75 ) when they have no yield 
point, is not identical with the latter ( 7 P) 
if it exists, for equal tensile strength. 
Empirically, the relations are 


YP - 0.3S+ 0.62658! 

[9] 

YS *= 0.18 + 0.54637! 

[10] 
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Quite similar equations can be developed 
for the ratio of elongation to reduction of 
area. It may be assumed that the proper 
complete treatment of the properties of a 
steel here enumerated will consist of : 

1. The correlation of tensile strength 
and elongation in terms of composition. 

2. The correlation of tensile strength and 
Brinell number in terms of composition. 

3. The determination of maxima and 
minima for the above in terms of com- 
position. 

4. The relation of yield strengths or 
points to tensile strength in terms of heat- 
treatment and hardenability. 

5- The relation of reduction of area in 
terms of heat-treatment and hardenability. 

Having completed well over half this 
task and recorded substantial progress in 
the remainder, we do not wish to deprive 
other steel-foundry metallurgists of the 
useful information obtained, while we delve 
into the hnal stages. 

Conclusion 

It has been shown that within the limits 
of composition and heat-treatment re- 
corded in the body of this paper, the com- 
binations of tensile strength and elongation 
obtainable from a given steel by variations 
in heat-treatment fall upon a straight line 
whose length, position and direction can be 
calculated with considerable accuracy from 
the chemical composition. 

It has also been shown that similar state- 
ments may be made regarding Brinell 
number and tensile strength. 

Reasons have been given for believing 
that the yield ratio of a steel can be ex- 
pressed in terms of its heat-treatment and 
hardenability; also that similar statements 
may be made regarding the ratio of elon- 
gation to reduction of area. 

It is hoped that this relationship will be 
useful in determining the chemical com- 
position best suited to obtain a given 
mechanical result. 


None of the data and conclusions of this 
paper involve a lything but expected 
values. They include no tolerances that 
would make them applicable to the formu- 
lation of specifications without further 
knowledge of the reproducibility of results 
under operating conditions. 
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ADDENDA 

Further evaluation of the original data, 
carried on since the paper was written, has 
developed certain additional points of 
interest. 

The standard error of fit in log a and h 
recorded on page 255 involve uncertainties 
in E for a given T, which depend upon 
whether or not the error from both vari- 
ables can be additive. The deviation of the 
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individual values of log a and h in Table 2 The resemblance of the coefficient of Ch 
from those calculated from Tables i and 4 above to that of J in Eq. 5 suggests that 
were compared and found to have a corre- the remaining discrepancies are due to 
lation coefficient of minus 0.93. High values unaccounted-for causes, similar in char- 



C per cent per cent 



NL percent Cr, per cent 

Fig. 4. 



Pig. s. 


of log a thus very systematically accom- 
pany low values of h and the two sources of 
error compensate to a large extent. 

The two residuals eu« a and eb are related 
by the equation 

eioc fl 0.00029 — o.o48sci [ii] 


acter to those controlling the general 
relationships here studied. 

In confirmation of the validity of the 
assumption that log a (not a) is c^culable 
by taking the sum of the effects of the 
several elements, Fig. 4 has been prepared. 
The residuals in log g, comparing computed 
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with observed values, are plotted against 
content of the four elements present in a 
considerable range of concentrations in the 
series of steels. The array of points form 
random patterns around a horizontal line 
and indicate no tendency to a slope or 
curvature. This is evidence that for these 
elements, the logarithmic function satis- 
factorily represents the change of a with 
concentration. 

The postulate that the relation of elon- 
gation to tensile strength is independent 
of the type of heat-treatment is actually 
only a simplifying assumption, justified by 
the fact that the errors introduced are 
almost always insignificant in magnitude 
as compared with the precision of obser- 
vation, and also of little engineering 
importance. 

If one is more concerned with funda- 
mental principles than practical appli- 
cations, separate trend lines for normalized 
and tempered, oil-quenched and tempered 
and water-quenched and tempered steel 
may be computed. These fall frequently 
into some such relation as shown in Fig. 5. 
The two t>T)es of quenching treatments 
have similar trend lines, the slopes differing 
in the direction shown, and the normalized 
steels having a much steeper trend. Since 
the range of tensile strength realizable by 
normalizing and tempering is, however, 
usuallj*- relatively short, the errors in elon- 
gation introduced by the assumption of a 
common trend are seldom great. 

Separate constants might be computed 
for each type of cooling and predictions 
based on an assumed t3rpe of heat-treat- 


ment. The result would be some improve- 
ment in precision at the expense of greater 
labor in computation. 

DISCUSSION 
(F. B, Foley presiding) 

N. A. Ziegler,* Chicago, 111 ,— This paper 
is of a considerable interest to us because its 
authors use about the same line of attack in 
studying properties of cast steels as we do in 
our work. In general, the present results check 
quite well with ours and there is only one point 
I would like to bring up. The present paper 
does not give any data on impact resistance, 
and yet it is known that, depending on heat- 
treatment, its values may be quite different 
even though the tensile strength and hardness 
are the same. This is particularly true regarding 
thermally sluggish steels with suppressed 
transformations. 

For example. No. 10 (Table i) is definitely 
an air-hardening steel. If it is normalized from 
over i6oo®F. and drawn at about i25o°F., 
its tensile strength will be well over 100,000 
lb. per sq. in. with an elongation of about 
25 per cent and hardness of 200 to 250 Brinell. 
At the same time, its impact resistance will 
be of the order of 20 ft-lb. Charpy (keyhole 
notch). If, on the other hand, the same steel 
is heated to the austenitic state — Le,, to 
about i6oo®F.— cooled to about i35o®F. and 
permitted to transform, its tensile strength, 
elongation and hardness may be very much 
the same as in the normalized and drawn 
condition, but its impact resistance will be 
quite low. This is true of all steels that have a 
tendency to air-harden; i.e., possess suppressed 
transformations with relatively slow cooling 
rates, such as annealing or even normalizing. 

* Research Metalltirgist. Crane Company. 
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The notched-bar impact test has proved 
worth while in certain applications as a 
test for control of the quality or the heat- 
treatment of steel. In view of the serious 
thought that even so simple a test as the 
tensile test has evoked during the past 
years, it is not surprising that the notched- 
bar impact test shotild have inspired much 
experimental work. The correlation of the 
great number of data has not been success- 
ful, although steady progress has been 
made toward a better understanding of 
this test. Progress has been made, espe- 
cially, in the isolation of the effects of the 
many variables that control the results. 
The stress system imposed on a specimen 
with a notch is so complicated and \m- 
predictable that no simple evaluation of 
the test has been possible. Because of this 
uncertainty, many engineers hesitate to 
use the notched-bar impact test, and this 
attitude may well continue until a better 
understanding of the effects of the variables 
in the test are available. 

Without doubt, any additional data that 
may be presented should be accom- 
panied by as complete a description of the 
details of test as possible, so that it may 
be added to the general fund of information 

This paper represents only the personal 
opinions of the authors and in no way reflects 
the official attitude of the U. S. Navy. Manu- 
script received at the office of the Institute 
Dec. 20. 1943 Published by permission of the 
Navy D^artment. Issued as T.P. 1668 in 
Metals Technology, August 1944- 

* Division of Physical Metallurgy, Naval 
Research Laboratory, Anacostia Station, Wash- 
ington, D. C. 


that is to serve as the basis for the theory 
of the notched-bar impact test. The many 
factors that may control the test results 
have been pointed out repeatedly. The 
importance of the effect of the type and 
dimensions of the specimen has been 
recognized. 

Most of the work reported by American 
investigators has been limited to small- 
size (Charpy) specimens tested as a simple 
beam; two types of notches (Fig. i) have 
been commonly used. Considerable data 
have also been presented by many investi- 
gators using a small specimen tested as a 
cantilever beam; this commonly being 
called the Izod test. Here, however, a 
shear component of stress makes the stress 
system even more complex than that 
present in the simple beam type of test, 
hence a critical analysis is difficult. Much 
work has also been reported by investi- 
gators using the tension type of specimen. 

A second variable that must be con- 
trolled is the testing temperature. An 
indication that the tests were performed 
at room temperature is not sufficient, since 
in many steds a variation of a few degrees 
in the actual testing temperature may be 
sufficient to give an entirely different range 
of results. Other factors, suda as the com- 
position and condition of the material 
being tested and the speed of test, should 
also be considered. 

Many investigators have contributed 
data and theoretical discussions on the 
problems encountered in notched-bar test- 



264 VARIABLES AFFECTING RESULTS OF NOTCHED-BAR IMPACT TESTS 

ing; notably, Moser, ^ Greaves and Jones, ^ type with a length of 160 mm. and fracture 
Maurer and Mailander,* followed by the across a section 15 by 30 mm., a specimen 
more recent work of Hoyt,"* McAdam and considerably larger than that commonly 
Clyne,® Gillett* and Rosenberg.^ An ex- used in this country. The method of 



STANDARD V-NOTCHED SPECIMEN 


NO. 47 DRILL 



STANDARD KEYHOLE* NOTCHED SPECIMEN 
Fig. I. — ^Types of specimens. 

Breadth was varied for many tests; e.g., 5 mm. for breadth. 

tensive treatise is presented in Gmelins measuring the volume of strained metal 
Handbuch der Anorganischen Chemie,® was that of observing the Hartmann or 
while The hlanchester Association of flow lines appearing on the side of a polished 
Engineers devoted much of its 1937-38 specimen and did not take into account 
session to an extensive discussion of ^e fact that the metal next to the fracture 
notched-bar impact testing.® undergoes considerably more strain or 

In general, the investigators agree that deformation than the area farther away 
the total energy absorbed by a notched-bar from the fracture. Also, it has been men- 
spedmen during test is due not only to tioned frequently that the volume deforma- 
the resistance to fracture but also to the tion cannot be measured with any degree 
resistance to deformation. The exact rela- of accuracy by surface deformation, since 
tionship and the relative importance of at the surface all normal components of 
these two factors in any particular test is stress must vanish, and at a point near 
often obscure and exact correlation is the surface a metal cannot resist deforma- 
difiEicult. Fortunately, however, the exact tion in the same way as at a point farther 
relationship may not be necessary for an from the surface. 

evaluation of the test values encountered in The present discussion is an outgrowth 
notched-bar testing. of the information on the notched-bar 

It has been suggested by Moser^ that test accumulated from the studies of 
the volume of metal that is strained in the various types of test pieces that have been 
rupture of a test specimen is a function used in the determination of the quality 
of the total energy absorption. Moser’s of weldable steels. The complete picture of 
specimen was of a keyhole-notched Charpy the relationship of the effects of many 
1 References are at the end of the paper. of the variables of notched-bar behavior 
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in testing plain carbon and low-alloy steels 
is not simple. Additional data are pre- 
sented in the following study, however, in 
the hope that future investigators will be 
aided in this intriguing search for a 
more complete evaluation of notched-bar 
behavior. 


Test Specimens 

The majority of test specimens were 
standard keyhole or V-notched Charpy 
specimens (Fig. i) with modifications of 
breadth. The notches in the V-notched 
type of specimens were milled with two 


Table i. — Composition of Steels Investigated 
Per Cent 



Materials 

The chemical composition of the plain 
carbon and low-alloy steel plates used in 
this investigation is given in Table i. All 
materials were commercial hot-rolled steels 
in* thick, with commercial tolerances, 
and were tested either in the as-rolled or 
in the normalized condition, with speci- 
mens cut, unless otherwise specified, longi- 
tudinally to the direction of rolling. Details 
of the test specimens are given with each 
series of data. 


machine cuts with automatic feed, using 
a special form of milling cutter designed 
so that it could be resharpened without 
changing the outline of the cutting tooth. 
The contour of the notch in the specimens 
was checked frequently microscopically 
at 100 diameters magnification, to main- 
tain the dimension of the notch to within 
a thousandth of an inch. 

Equipment por Testing 
An Amsler pendulum machine was used 
for breaking the notched bars in impact 
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loading. All tests were run using the full 
energy capacity of the pendulum (220 
ft-lb.) with a striking velocity of 17.4 ft. 
per second. 


This statement is true only for certain 
brittle steels and for a limited range of 
breadth of specimens. Many low-carbon 
and low-alloy steels with high energy- 



Fig. 2. — Effect of breadth of sPEaiCEN on absorption of specific energy for Charpy 

V-NOTCHED BAR. 

All values in terms of standard specimen of i-cm. breadth. 


Tests and Data 
Efect of Breadth of Specimen 

It has been stated repeatedly^*® that 
the general effect of increase in breadth of 
the notched-bar impact specimen is to 
reduce the spedffc notdied-bar value. 


absorbing capacity require additional con- 
sideration. The data for different breadths 
of specimen for 27 low-alloy and carbon 
steels are plotted in Fig. 2. All spedffc 
energy-absorption values are based on a 
standard section of 10 by 10 mm. (0.394 in.) 
with a notch 2 nun. (0.079 deep. 
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The relation of decreasing energy absorp- A similar behavior is to be noted for 
tion per unit area with increasing breadth specimens with the keyhole type of notch, 
is applicable only to the more brittle steels as shown in Fig. 3. Additional data repre- 
with standard notched-bar values lower sented by the steels A to H, which have 


icv^TLI 0 1 

gcal L- 

STANDARD 

NOTE* SPECIFIC ENERGY 

2X 

ABSORPTION VALUES ALL 

IN TERMS OF STANDARD 


1/2 X 

SPECIMEN, 1 CM. BREADTH 

.25CM4[_ 

1/4 X 




BREADTH OF TEST SPECIMEN (CM) 


Fig. 3. — ^Erracr or breadth op specimen on absorption op spEcmc energy por Charpy 

KEYHOLE-NOTCHED BAR. 

All values in terms of standard specimen of i-cm. breadth. 


than about 60 ft-lb. In the tougher and 
more ductile steels the relation of resistance 
to deformation and resistance to fracture 
is such as to give a lower specific energy 
absorption for the narrow specimens. Prob- 
ably the reason for this is that the initial 
deformation shifts the sectional mass of 
the specimen so that the area in which 
initial fracture must occur is reduced. On 
the other hand, the rigidity of wide speci- 
mens apparently is sufficient to retain the 
sharpness of the notch. The exact balance 
between resistance to deformation and 
resistance to fracture will always deter- 
mine the behavior of the test specimen. 


been presented by Habart and Herge^® are 
also included. 

It is interesting to note that in these 
specimens with higher energy absorption 
the maximum specific energy absorption 
occurs with approximatdy a square frac- 
ture section; i.e., in the keyhole notched 
bar with one-half breadth and in the 
V-notched bar type of specimen with 
one-half to standard breadth. 

Effect of Radius of Notch 

The total energy absorbed in a notched- 
bar failure depends upon the energy ab- 
sorbed in the deformation of the test 
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spedmen together with the energy neces- a section lo mm. (0.394 in.) square and a 
sary to overcome the cohesive strength of length of 55 mm. (2.165 in.) were notched 
the material. The relative importance of to a depth of 2 mm. (0.079 in.) with a 
these two factors for a given material standard Charpy-type V-notch and with 


l/lOO" we" 

rm 


1/8" 


3 / 16 “ 


RADIUS 


ri |eMM MM DEPTH 



Fig. 4. — Effect of notch radius on Charpy impact value. 


depends much upon the geometry of the 
test specimen. In the notched-bar test, 
it is possible to change the relation of the 
resistance to fracture and the resistance to 
deformation by var3dng the radius of the 
notch. A sharper notch causes a greater 
tendency for brittle failure whereas an 
increase in the radius of the notch gives 
greater deformation with less tendency 
toward brittle behavior. 

The effect of increasing the radius of the 
notch in similar notcdied bars is given for a 
number of steels in Fig. 4. Spedmens with 


milling cutters of He* and radii. 
As the radius of the notch increases, the 
energy required to fracture the test sped- 
men is increased. 

Comparison of Keyhole and V-notch 
Specimens 

The uncertain relation between the 
behavior of the V-notch and keyhole type 
of specimens is often mentioned. A com- 
parison of these behaviors can be made 
only when variables such as temperature 
of test or width of specimen are considered. 
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The effect of type of notch and breadth cided increase in sensitivity is shown for 
of specimen on Charpy notched-bar values the V-notched t3rpe. 



0 0.10 0.20 0.30 040 

CARBON CONTENT (%) 

Fig. 5. — Epfect or type or notch and width or specimen on Chappy impact value or a 

SERIES or PLAIN CARBON STEELS. 


(temperature of test 7o®F.) is shown in 
Fig. 5 for a series of hot-rolled plain carbon 
steels. Here again the sensitivity of the 
V-notched specimens is evident. These 
data also throw doubt on the validity of 
the results of subsize specimens, although 
in a comparison of the values for ^^-width 
V-notched and keyhole specimens a de- 


Effect of Temperature of Test 

Of the vaiiables that affect the relation- 
ship between resistance to plastic deforma- 
tion and resistance to fracture, the one 
of primary importance is the effect of 
testing temperature. For some steels the 
effect of breadth of specimens becomfcs of 
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greatest importance in tests at room 
temperature (Fig. 6). It is generally agreed 
that reduction in testing temperature has 
very minor effect on resistance to fracture. 


room temperature to temperatures below 
room temperature and, second, the area 
of low energy absorption just below the 
Ai transformation temperature. The ap- 



However, for many steels, the resistance 
to deformation, and hence the total energy 
absorption, is greatly affected by a decrease 
in testing temperatures. Low-carbon steels 
are especially sensitive to the influence of 
low testing temperature. Two areas of 
increased brittleness are to be noted (Fig. 
6) ; first, the area of rapid transition from 
high to low energy absorption as the 
temperature is decreased from just above 


pearance of standard and double-width 
specimens for various testing temperatures 
is shown in Fig. 7 to be very similar, except 
those tested at room temperature. 

The effect of temperature of test on the 
results for standard V-notched and k^hole 
specimens from a low-alloy high-tensile 
steel is shown in Fig. 8. The increased 
sensitivity of the V type of notch is shown 
by the steeper low-temperature dron and 
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-50 0 50 100 150 

TEMPERATURE OF TEST (®C) 

Fto. 8. — Einracr o» tvpe op notch and pikection op rolling on standard Charpy notched- 

bar VALUE POR MAYARI-R STEEL. 


zone, whereas, below and above this zone 
consistent results are to be expected. On 
the Other hand, the keyhole notched-bar 
specimen is insensitive and the results even 
in the transition zone axe consistent. 

Efect of Speed of Test 

A comparison of the energy absorbed 
by notdied bars from nine ferrous mate- 
rials broken in an impact machine (striking 
velocity 12.44 ft per sec.) and in a slow- 


ence between the energy absorbed by 
notched-bar specimens tested in either 
machine. Recently, in a discussion of ten- 
sile impact behavior, Brown and Vincent^* 
have pointed out that changing the rate of 
strain from static condition to over 800 in. 
per in. per sec. has little effect on the total 
energy absorbed. These data are repro- 
duced in Fig. 10. 

A study of the effect of speed of test 
was carried out on the group of steels used 
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in the present investigation. Specimens for three steels (composition not reported) 

were broken in the impact machine and a can be plotted from the data presented by 

similar group was tested in a jig (identical Moser. ^ Although the work-hardening is 

with that of the impact machine) at a not quantitatively evaluated, the relation 



slow rate, using a tensile testing machine 
(Fig. ii). A stress-strain curve was made 
in order that the area under the curve 
might be measured with a planimeter and 
converted to energy units. In general, the 
energy absorption in the slow bend and 
impact loading are in good agreement in 
homogeneous materials (Fig. 12). How- 
ever, a decided increase in energy absorp- 
tion in the impact method compared with 
the slow-bend method was noted in a 
number of commercial-quality nonhomo- 
geneous materials containing laminations 
or having fibrous breaks. 

Resistance to Deformation of Notched-har 
Specimen 

The relationship between the volume of 
deformed metal and the energy absorption 


of volume of deformed metal and the 
energy absorption is found to be approxi- 
mately linear for each material (Fig. 13). 

In the present study a great many speci- 
mens were examined in order to observe 
the deformation and flow of metal in the 
vicinity of the fracture. A surface normal 
to the notch was prepared on half of each 
specimen and surveyed using Vickers 
pyramidal diamond indentations with a 
lo-kg. load. Indentations were made 0.05 
in. apart in rows perpendicular to the 
length of the specimen. These rows were 
spaced every 0.03 in. and were staggered 
(Fig. 14). Enough indentations were made 
so that the last several rows had approxi- 
mately the same average hardness. This 
average hardness value was assumed to be 
that of the unstrained metal. 
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Typical data from the hardness survey 
are given in Fig. 14. An examination of the 
data in most cases reveals an illuminating 
picture of the progress of fracture. In the 


tween the energy absorbed during fracture 
and the amount of work-hardening. The 
average hardness of the unstrained metal 
was subtracted from the average hardness 



Fig. 12. — Relation op energy absorbed by notched-bar specimens tested in impact and 

SLOW bend. 


shallow notched specimens there are two 
areas, one above and one below the neutral 
axis, which show a higher hardness, indi- 
cating simple beam behavior during frac- 
ture. In the deep-notch or keyhole-notched 
specimens this type of deformation has 
not been found. Fracture is caused mainly 
by the punching action of the nose of the 
pendulum hammer on the area between the 
nose of the hammer and the notch. 

An interesting correlation was noted be- 


of the entire surveyed area, giving a value 
that represented the average hardness 
increase for that area. The area surveyed 
was measured from a photograph at 3 
diameters magnification, using a planim- 
eter. Since only half of the specimen was 
surveyed, this value was doubled and 
converted to the volume it represented. 
A work-hardening value was obtained by 
multiplsdng the volume of the metal sur- 
veyed in cubic inches by the average hard- 






276 VARIABLES AFFECTING RESULTS OF NOTCHED-BAR IMPACT TESTS 

ness increase in Vickers hardness numbers specimens; it is expected that other types 
for that volume. It should be noted that will give a different relationship between 
this value remains a constant for each energy absorption and work-hardening. 



2 4 6 8 10 12 


VOLUME OF STRAINED METAL (V) - COM. 

Fig. 13. — Relation op volume op strained metal and amount op energy absorption por 
THREE STEELS OP VARYING TOUGHNESS. { Moser ,) 


Specimen, regardless of the amount of 
unstrained metal included in the survey, 
as long as none of the strained metal is 
excluded. 

The amount of work-hardening was 
determined for 18 specimens of two 
different carbon steels with a variety of 
breadths and notch conditions (Table 2 ) 
and plotted against the energy absorbed 
in foot-pounds (Fig. 15). The linear rela- 
tion gives a fundamental basis for the 
behavior of the metal in various test 


Summary and Conclusions 

A number of conclusions may be drawn 
from this study; 

I. Doubling the breadth of a standard 
(i cm.) notched-bar impact specimen 
broken at room temperature causes a 
decrease in specific energy absorption for 
most of the steels studied. A further de- 
crease in absorption of specific energy 
is expected from specimens of greater 
breadth. 
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Fig. 14. — Hardness survey of typical keyhole and V-notched bar specimens. 


Table 2. — Summary of Data 


Steel 

No. 

Notched- 
bar Impact 
Value, 
Pt-lb. 

Type of Notch 

Depth of 
Notch, 
Mm. 

Breadth of 
Specimen, 
Cm. 

Volume of 
Metal 
Surveyed, 
Cu. In. 

Average 
Hardness 
Increase, 
Per Cent 

Work- 

hardening* 

■Ill 

4 

Keyhole 

Vee 

S 

I 

0.141 

3.0 

0 28 


4.5 

2 

O.S 

0.048 

0.8 

0 04 


ai 

Ms" Rad. 

2 

1 

0.082 

S.4 

0.44 

0 ^ 


37 

Rad. 

a 

I 

0.066 

14.0 


40 

H" Rad. 

2 

I 

0.137 

6.3 

0 86 


48 

He" Rad. 

3 

I 

0 139 

7 .S 

0.97 


5 

Vee 

3 

I 

o.oss 

3 -S 

0.14 


7 

Keyhole 

s 

0 s 

0 048 

8.3 

0 40 


15 

Vee 

3 

O.S 

0.068 

8 0 

0 S 4 

0 36 


IS 

Keyhole 

5 

I 

0 096 

3 8 


IS 

Keyhole 1 

S i 

I 

0.112 

4 8 

0 S 4 

S7 

20 

Vee 


I 

0.077 

S.o 

0.38 

rB 

30 

Vee 

2 

I 

0 107 

9.2 

0 98 

rfl 

29 

Vee i 

3 

2 

0 234 
0.260 

0 077 

1.3 

0 31 


SO 

S 4 

Keyhole 

Ks'' Rad. 



3 9 

16.6 

0 99 

1.38 


70 

He" Rad. 



0 139 

12.3 

1. 71 


9 S 

J^'Rad. 



0 IIS 

30 3 

2.34 

19 

no 

He" Rad. 



0.130 

20.8 

3.70 

mmUi 

I 3 I 

He" Rad. 

2 

H9H 

0 105 

35 0 

2 63 


• Volume of metal surveyed (cu. in.) multiplied by average hardness increase O^ckers hardness number). 
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2. The V-notched Charpy test specimen 
is preferred to the keyhole-notched speci- 
men for the range of steels studied, since 
the sensitivity of the test is increased and 


deduced from observations on a number of 
t3T)es of notched-bar impact specimens and 
under a variety of test conditions for two 
plain carbon steels. Other types of steel 



Fig. 15. — Relation op energy absorption and work-hardening por notched-bar impact 

SPECIMENS OP TWO PLAIN CARBON STEELS. 


the test specimen is strained as a simple 
beam. 

4. Testing temperature is one of the 
important variables that affects the specific- 
energy absorption of a notched-bar speci- 
men broken in impact. For specimens 
tested at various temperatures, the effect 
of breadth is greatest for the steel studied 
in the range of temperatures from just 
above to below room temperature. 

S- In general, the energy absorption in 
the slow bend and in impact loading are in 
good agreement for homogeneous steels. 

6. A linear relation between energy 
absorption and work-hardening has been 


undoubtedly will show a relationship be- 
tween work-hardening and energy absorp- 
tion, although the slope of the curve will 
vary. 

The quantitative evaluation of the effect 
of changes in test specimen for a given 
steel will require a clearer understanding of 
the relationship of resistance to deforma- 
tion and of resistance to fracture under all 
conditions of restraint and test. Further 
investigation should be made to determine 
whether the energy absorption of test 
specimens subjected to tensile, impact, 
bending, or torsion forces, either singly 
or in combination, follows the rule that the 
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total energy absorbed depends upon the 
total work-hardening. From a practical 
standpoint it may be possible that the 
relationship between work-hardening and 
energy absorption is a fundamental con- 
stant for each steel; this would be useful 
in the general solution of the behavior of 
mechanical test specimens. 
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impact machine? A great deal of energy is so 
expended which appears in the total impact 
value reported for the test. Is it not much bet- 
ter to drop the pendulum from increasing 
heights until incipient fracture occurs? 

Then there is the matter of threshold energy 
value — that critical temperature at which a 
ductile material suddenly becomes brittle. 
That is a most important function of the im- 
pact test A buzz saw will explode if operated 
at veiy" low temperature; a rail will crack under 
impact. A great many things will happen 
at very low temperature. That should be 
emphasized 

The next thing is the matter of the slow bend 
It has been said time and again that explosion 
patterns can be reproduced qualitatively but 
not quantitatively by a static test on the struc- 
ture instead of an impact test. We can thus 
find out how failure progresses through the 
structure. 

Colonel Zornig, of the Watertown Arsenal, 
tells me that the quickest w'ay to differentiate 
between brittle and ductile fracture is to see 
whether it is shiny or dull 

Next is the matter of the double-width bar. 
Mr. Riegel, of Caterpillar Tractor, tells me 
that this is a good test for notch brittleness. 
If the double-width bar absorbs twice the 
energy of the single-width bar in impact, it is 
not notch brittle. Finally, I do not think that 
specific energy was clearly defined in this paper 

F. S. McKenna (author's reply). — ^In order 
to compare the energy absorbed by specimens 
of various breadths, use was made of the term 
‘‘specific energy.” This may be defined as the 
energy absorbed by a specimen multiplied by 
the ratio of the breadth of a standard specimen 
(10 mm.) to the breadth of the second specimen. 
Thus, in comparison, the following multiply- 
ing factors were used: 


DISCUSSION 
(F. G. TatnaU presiding) 

F. G. Tatnall,* Eddystone, Pa. — Why was 
the keyhole notch established? 

Has consideration been given to the matter 
of taking into account the energy necessary to 
throw the specimen by the pendulum of th 

* Baldwin Locomotive Works. 


Brbajdth 

Standard 

Double 

Half .. .. 

Quarter . . 


Factor 

.. I 
.. ^ 

. 2 

.. 4 


Such an analysis was used for the results 
shown in Figs. 2, 3 and 6. 

The keyhole specimen has found favor be- 
cause it is easier to machine than the V-notched 
t3q)e. The data obtained with the key-hole 
specimen are in general quite reproducible. 
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The V-notched tspecimen, on the other hand, is 
a much more sensitive test piece, although it is 
somewhat more troublesome to prepare. The 
V-notched specimen has a decided advantage in 
the fact that a larger area is tested 

We agree that considerable information can 
be obtained regarding the notched-bar charac- 
teristics by using both single and double- 
breadth specimens This information, however, 
is useful only in the area of rapid transition 
from high to low energy absorption as the 
temperature is decreased from just above room 
temperature to temperatures below room tem- 
perature in what is often called the threshold 
energy area 

F. H. Allison, Jr , Pittsburgh, Pa — ^It 
would be interesting to know whether there 
are any available data on triple-width spea- 
mens, and whether there exists a linear rela- 
tionship between the values obtained on single, 
double, and triple widths A few results from 
our laboratory gave less than double the im- 
pact value on double-width specimens, but 
gave larger values on triple-width specimens. 
Examples are given below, each value being 
the average of six tests. 

Izod Ft-lh. 


Single Double Triple 
6 0 So 14 0 

90 ir 0 20 0 

10 0 12 5 20.0 


F S. McKenna. — I think that the work on 
triple-breadth specimens is largely limited by 
the capacity of standard testing machines. 
The linear relationship between breadth of 
specimen and energy absorption does drop off 
considerably for some steels for double-breadth 
speamens, in fact, a steel might have 10 ft- 
Ib. absorption in single breadth and only 5 or 
6 ft-lb. for a double-breadth specimen In 
other words, a double-breadth specimen may 
break with less energy than a single breadth. 
It would be very interesting to see some more 
information on triple-breadth specimens 

J H. HoLLOMONjt Watertown, Mass — 
should like to comment on the difl&culty of 
obtaining reproducible notch conditions. We 


* Metallurgist, United Engineering and 
Foundry Company. 

t Captain, Ordnance Department, Water- 
town Arsenal. 


have done a httle work on this problem and 
are doing more Certainly the sharp cracks, or 
scratches, in the specimen can be removed, 
and, at least for very ductile material, this 
improves the reproducibility of the impact test. 
However, on stronger metals, it is somewhat 
questionable whether the reproducibility is 
improved by polishing the bottom of the notch 
w'ith a small wire and with fine alumina 
Dr Gensamer suggested this procedure earlier 
and we use it as more or less standard practice 
We polish the bottom of notch and examine 
it to see that the scratches are removed 

The next point that I would lik to bring 
out is the effect of radius of notch. The problem 
is extremely complicated. As the bar is made 
wider, the metal at the base of the notch is 
more and more constrained; that is to say, 
as the bar is made wider the shoulder of the 
bar is more operative in preventing deforma- 
tion at the base of the notch, so that the trans- 
verse constraint becomes greater. The effect 
of increasing the width of the bar is greatest 
when the width of the bar is small compared 
with the radius of the notch For the standard 
Charpy specimen i cm. wide and o oi-in. 
radius of notch, doubling the bar should not 
change the temperature of brittle failure. When 
a bar is made wider, of course, more material 
deforms, and the energ^i^ required for fracture 
increases. 

When Moser, who made the first experi- 
ments, changed the width of the bar, he ob- 
tained brittle failures and decreases of energy. 
The relative behavior of specimens of various 
widths depends entirely on w^hat type of speci- 
men is being used and how large the radius is. 
The smaller the radius, the less effect there 
should be from the changing width of the 
bar, the larger the radius, the greater the effect 
of changing the width of the bar. 

N. A. Ziegler,* Chicago, 111. — In discussing 
the relative merits of Charpy and Izod tests, 
one factor is somewhat overlooked; that is, 
the nature of the machine marks in the notch. 
In preparing a Charpy bar, a hole is drilled 
and the machine marks are transverse to the 
notch. In an Izod bar, the notch is machined 
with a cutter and the machine marks are longi- 
tudinal A few years ago, in some Russian 
articles by Davidenkoff et al., it was pointed 

* Crane Company. 
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out that this condition may have some effect 
on the test results 

F. G. Tatnall. — How about the throwing of 
the broken specimen? Did anybody ever 
evaluate that? This matter comes up fre- 
quently in all discussions of impact when 
people are procuring equipment There ought 
to be some evaluation of it. 

G L. Cox,* Watertown, Mass — I do not 
think that the differences in the preparation of 
the Charpy specimen have nearly as much to 
do in the final result as the variation in the 
material or the susceptibility of the material 
to what is going to happen to it at the par- 
ticular strain rate or temperature Captain 
Hollomon mentioned our program for evaluat- 
ing these differences in typical steels at several 
yield-strength levels He mentioned that in 
the high-strength material (of the order of 
1 50,000 lb. per sq. in ) the difference is prac- 
tically nothing, and that is a fact There seems 
to be no difference whether the specimen con- 
tains very bad scratches at the base of the 
notch or is polished smooth. In the lower 
strength material (such as 75,000 lb. per sq. in.) 
the difference is more significant. There is some 
indication of a larger spread in the unpolished 
specimen. However, this spread is still of the 
order of a very much lower magnitude than 
variations in the material itself, such as lamina- 
tions, etc. 

By way of a summary, what I mean is that 
if the material gives a high level of impact 
value, it is not going to be significantly changed 
from that by the condition of the notch as ob- 
tained in the usual method of preparing speci- 
mens, I think that probably too much empha- 
sis has been placed on the inadequacy of the 
ordinary impact specimens. There are people 
in this room who have had a lot of experience 
in testing materials for notched-bar impact 
properties, and I do not think that many of 
them i>olish their specimens, and probably 
some have already established that it is in the 
main unnecessary to go to this extra trouble. 
This is one of those things that are very nice to 
know the magnitude of, but I feel that it is a 
lot less to worry about than the heat-treatment 
or other metallurgical condition of the material. 

* Lieutenant Colonel, Ordnance Department, 
Watertown Arsenal, 


M. Gensamer,* Pittsburgh, Pa. — Colonel 
Cox is perfectly right in that most of the time 
it does not make much difference whether the 
notch is ground or an ordinary machined notch 
is used, but occasionally it makes a good bit of 
difference. It does not with ordinary heat- 
treated steel but I have run into some cases, 
especially with some of the harder stainless 
steels, where it makes a great deal of difference 
So you have to use discretion and be careful 
about the preparation of notch if it is impor- 
tant, and you have to find out by experience 
whether it is important or not. 

F. M. Walters, jR.,t Washington, D C. — 
The chairman has raised a question and has 
gotten no answer to it. I think he is the onlj' 
one who has even the beginnings of informa- 
tion on it I wish he would tell us about the 
error due to throwing the specimen. 

F. G Tatnall. — Some work has been done 
in plastics on the energy loss in throwing of the 
specimen. I seem to recall that the throwing of 
the specimen absorbed from 50 to 60 per cent 
of the impact energy reported. This appeared 
in a paper in Modern Plastic s, by Dr Nason, of 
the Monsanto Chemical Co., about three 
months ago. In other words, it makes you 
begin to question the values obtained by these 
impact tests which are so carefully reported. 

It has been proposed in the Plastics discus- 
sions that impact testing be done on the basis of 
successively releasing the pendulum from in- 
creasing heights until incipient fracture is ob- 
served or just enough to break the bar. It 
means that we will have to try some such way 
if we want to get real, precise impact values. 
Impact by projectiles fired from rifles has been 
used for obtaining high-speed impact values. 
Notched-bar testing may be carried out as a 
static bend lest plotting a stress-strain curve 
for qualitative study instead of employing a 
pendulum impact machine. 

H. Scott, Pittsburgh, Pa. — May I make 
the comment that perhaps the point here is 
that we are dealing with an extremely brittle 
material. We are considering now degrees of 


* Carnegie Institute of Technology, 
t Naval Research Laboratory. 
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brittleness in plastics, whereas in steels and 
other metals it is only necessary to know 
whether or not they are brittle by this test 
Thus in metals the error due to throwing the 
specimen is a small percentage of the total 
value and something that we can afford to 
neglect Captain Hollomon remarked also that 
it does not make much difference whether 
it is 2 or 4 ft-lb when a metal is brittle 


There is another side of this problem, already 
introduced by Colonel Cox, concerning funda- 
mentals. The impact test is considerably more 
complex than the tensile test and we do not 
understand all the phenomena of tensile rup- 
ture. We can hardly expect then to explain 
fully the impact test Once tensile rupture is 
understood, however, interpretation of the 
impact test should not be too difficult. 



Conditions of Fracture of Steel 

By J. H. Hoilomon* and C Zener, f Junior Members AI.M.E. 
(Chicago Meeting, October 1943) 


It is commonly recognized that a given 
material may be described as ductile or 
brittle only with reference to the conditions 
of test. Thus under the usual test conditions 
quartz is brittle, but under high pressures 
it is ductile Salts that are brittle at room 
temperature become ductile at elevated 
temperatures. Pitch, brittle with respect 
to rapid loads, flows at low rates of loading 
Pearlitic steel, ductile under the usual 
conditions of test, may be embrittled under 
the proper conditions of combined stresses, 
temperature, and rate of loading. 

Earlier Investigations 

A clear analysis of the conditions neces- 
sary for plastic flow and for fracture was 
first given by Ludwik,' who introduced two 
types of stress, the *^flow stress*’ and the 
“stress at fracture.” These stresses may 
refer to tensile or to shear stresses, or, in 
fact, to any type of stress. Ludwik con- 
sidered these two stresses to be independent 
of one another, functions of the conditions 
of test and of the prior history of the 
material. For the purpose of analysis, 
both a flow stress and a stress at fracture 
can be envisaged as functions of strain over 
the entire range from zero to infinite strain. 
Thus, the material is brittle if the stress 
at fracture is less than the flow stress and 
ductile if the reverse is true. 

Acconling to Ludwik's analysis, the 
problem of determining the effects of com- 
bined stresses, of temperature and of strain 

The statements or opinions in this article 
are those of the authors and do not necessarily 
express the views of the Ordnance Depart- 
ment. Manuscript received at the Office of the 
Institute Nov. 26, 1943. 

* Captain, Ordnance Department, U. S. 
Army, Watertown Arsenal, Watertown, Massa- 
chusetts. 

t Senior Physicist, Watertown Arsenal, 
Watertown, Massachusetts. 

^ References arc at the end of the paper. 


rate upon the behavior of metals reduces 
to a problem of determining the effect 
of these variables upon the flow stress and 
upon the stress at fracture. In the present 
paper, methods are described for deter- 
mining the effects of two of these variables, 
temperature and strain rate, and examples 
are given of the dependence of flow stress 
and stress at fracture, upon these two 
variables. The effect of combined stresses 
will be discussed in a succeeding paper. 

The flow stress may be determined from 
a load-diameter curve. Load-diameter 
curves were obtained over a wide range of 
temperature and over the limited range 
of strain rates obtainable with the lever- 
type Riehle machine used. The curves were 
then converted to an extremely wide range 
of strain rate by making use of the equiv- 
alence of the effects of changes in strain 
rate and changes in temperature, previously 
proposed® and demonstrated'** by the 
authors. According to this principle of 
equivalence, strain rate € and temperature 
T affect the flow stress only through a 
single parameter p of the form : 

p =: €c<J/ftT [i] 

In this equation, R is the gas constant 
(2 cal. per gram mol per deg. C.), and Q is 
a heat of activation, which varies from 
material to material, and may depend 
upon the strain, but not upon the strain 
rate or the temperature. There is associated 
with every value of a flow-stress curve. 
Combinations of strain rate and of tem- 
perature that give the same p have the 
same flow-stress curve. Therefore, merely 
by changing the temperature of test, the 
effect of changing the strain rate may be 
obtained. Thus, under isothermal condi- 
tions, the material will behave the same at 
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the temperature T, and strain rate e, as 
at room temperature Tr and an equivalent 
strain rate defined by the following 
equation : 

Equivalent strain rate = [2] 

Since a lowering of temperature by 5o°C. 
is equivalent to an increase of strain rate 
of at least 1000 fold, the principle of 
equivalence furnishes a tool for finding 
the effects of very high strain rate upon the 
flow stress For each material, preliminary 
tests over a range of strain rates must be 
made in order to determine the heat of 
activation Q, which relates quantitatively 
the effects of strain rate and temperature. 
The precise manner in which the stress S 
varies with the parameter p appears to be 
given by the following equation : 

[3] 

where the exponent r is some small number. 

A small variation in material results in a 
larger variation in fracture strength than 
in the flow stress. It is, therefore, more 
difficult to establish the equivalence 
principle for the stress at fracture than for 
the flow stress. In the analysis of this paper, 
it will be assumed that the same equiva- 
lence holds for both types of stresses. The 
stress at fracture is not obtainable as a 
function of strain by a single tensile test as 
is the flow stress. Such a test gives only 
the stress necessary for fracture at one 
value of the strain; namely, the final 
strain. It does not show how the stress at 
fracture varies with deformation, or what 
is the stress at fracture of the undeformed 
material. 

By a technique first used by Kuntze,^ 
McAdam® has attempted to measure the 
effect of deformation and combined stress 
on the fracture strength McAdam meas- 
ured the tensile properties of several metals 
notched at various depths and angles. The 
amount of deformation before fracture and 
the stress distribution thus were varied. 

As pointed out by Sachs,® the analysis 


made by Kuntze and used by McAdam 
of the stresses at the base of sharp notches 
is open to question. Furthermore, Kuntze 
and McAdam have assumed that the frac- 
ture stress can be obtained by dividing the 
final or breaking load by the final area. 
This method of determining the fracture 
stress tacitly assumes that the stress across 
the notched section is uniform. This 
assumption has little basis in fact and 
becomes less and less valid as the deforma- 
tion before fracture becomes small. In the 
light of these objections to the notched-bar 
method of obtaining the effect of prior 
deformation on the fracture strength, an- 
other technique has been used in the 
present study. Certain classes of steels are 
brittle at the temperature of liquid 
nitrogen. For these steels, the effect of a 
prior deformation upon stress at fracture 
was foimd by first deforming a set of 
specimens by various amounts at room 
temperature, then lowering the tempera- 
ture to that of liquid nitrogen and pulling 
to fracture. 

Materials 

The steel used in this investigation was 
the same as that previously described.® 
Small specimens (?^-in. rounds) were 
machined from a large centrifugal casting 
of the approximate composition: C, 0.25 
per cent; S, 002; P, o.oi; Si, 0.4; Cr, 0.5; 
Mo, 0.5; V, o.i. These were heat-treated 
in two groups: one group was air-cooled 
and the other water-quenched after holding 
at 9oo®C. for one hour. After this treat- 
ment, specimens from each group were 
tempered to two yield strengths: approxi- 
mately 100,000 lb. per sq. in. and 130,000 
lb. per sq. in. (at a strain of 0.0 1 and 
at a strain rate of lo”^ sec.“* at room 
temperature). 

This steel was of such hardenability 
that the J^-in. rounds transformed com- 
pletely to martensite upon water quenching 
and upon air quenching transformed to 
pearlite and proeutectoid ferrite. The 
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subsequent tempering resulted in slight Experimental Technique 

spheroidization of the carbide lamellae in The method of automatically recording 
the air-cooled specimens and in a struc- the information necessary for the calen- 
ture having spheroids of carbide embedded lation of stress-strain curves over a range 



I and 2. — ^Tempered steel at 100,000 pounds per square inch yteld strength (at 
STRAIN or O.Ol). X 1000, NITAL ETCH. 

Fig. I, pearlitic; Fig. 2, martensitic. 

in a matrix of ferrite in the water-quenched of temperature and strain rates has been 

specimens. Typical photomicrographs of discussed in detail in a previous paper.® 

the specimens heat-treated to 100,000 lb. Briefly reviewed, this method consists in 

per sq. in. yield strength are presented a.s the conversion of the diameter changes and 

Figs. I and 2. of the load into elastic strains in certain 
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elastic elements, and then into changes in thereby gives a permanent record of the 

resistance of elastic strain gauges attached load-diameter curve Load-diameter curves 

to these elements. The changes in resist- were obtained in this manner at various 

ance are converted, by an electric circuit, stram rates and at temperatures down to 



DIAMETER 

Figs. 3 and 4. — Typical load diameter curves. 
Fig. 3, room temperature; Fig. 4, minus t3o'*C. 


into a deflection of the beam on the screen — i9o°C. (typical examples arc presented 
of a cathode-ray osdllograph, the hori- as Figs. 3 and 4). At the very low temix^ra- 
zontal axis corresponding to diameter tures, (below — 7o®C.), it was not feasible 
changes, the vertical axis to load. A time to vary the strain rate. At these lower 
photograph of the oscillograph screen temperatures, an uncertainty in tempera- 
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ture of a few degrees centigrade is re- 
flected in changes of mechanical properties 
large compared with the possible variation 
that can be obtained by the range of strain 
rates possible in the Riehle type machine 
that was used. The actual strain rates 
referred to in this paper have been arbi- 
trarily taken to be the head speed of the 
Riehle machine divided by the uniform 
gauge length of the specimen (1.4 in.). 
Since the strain rate varies as plastic 
deformation, and local necking occurs, 
these values are used only for purposes of 
comparison. 

Results and Discussion 
Tempered Pearlitic Steel 

The results of the experiments on the 
specimens that were air-cooled and tem- 
pered to approximately 100,000 lb. per 
sq. in. yield strength are presented in 


yield and fracture strengths are plotted 
in Fig. 5 as a function of the logarithm 
of the equivalent strain rate. The value 
of r in Eq. 3 for the yield strength is 
0.008 As the equivalent strain rate is 
increased, the fracture strength increases 
very slowly at first and then decreases 
sharply. At an equivalent strain rate of 
about 10^^ sec.“^ the yield strength 
becomes equal to the fracture strength, and 
the ductility as measured by the reduction 
of area is consequently equal to zero. Since 
the sharp decrease in fracture strength 
occurs in the same range of equivalent 
strain rate as the decrease in reduction of 
area, it is inferred that the two effects 
are related. 

Since the steel whose properties are 
described in Table i breaks with very 
little reduction of area at — ipo^C., the 
effect of prior deformation may be deter- 
mined by deforming specimens by various 


Table i. — Tempered Pearlite 
Yield Strength, 100,000 Pounds per Square Inch 


Deoxidation 


Steelmaking, Electric Furnace 


Forming, Centrifugal Casting 


Tern- 

Strain 


Yield Strength 
at Plastic 
Strain 

Tensile 

Strength 

peraturo. 

Rato 

s-s 

Curve® 





Deg. C. 

X 10* 

of 

O.OOI*' 

of 

0 01 or 
L.Y.P. 

rir 

pf* p* 

Load 

Act. 

Area 

20 

2.2 

R 

96 

100.5 

114 4 

131.S 

20 

18 

R 

99 

103 0 

121 0 

136 0 

— II 

84 

R 

toi 

105 0 

122 0 

136.0 

— 60 

2 2 

? 

106 

IXO 0 

130 0 

IS8 0 
160 0 

-66 

84 

D 

109 

1x4 0 

X20.0 

131 0 

-130 

84 

D 

122 

X38 0 

152 0 

— 170 
-190 

18 

D 

D 

IS9 

176.7 

XS9.0 

176.7 

163. s 

184.5 


kHeat-treatment. fi Rounds Air-cooled f 10m 
i 62S®P. Drawn at ia6s®F. for 3 Hr. 
Air-cooled 


Frac- 

ture 

Stress 

Strain 


to 

T.S. 

to 

F. S. 

at 

Y.P.B. 

Sq in. 

191 

0 14 

0 7S6 


XOO 

194 

0.13 

0.706 


XOO 

197 

0.12 

0 734 


XOO 

20X 5 

0 19 

0 622 

? 

105 

203 5 

0 20 0 648 

<0 ox 

110 

204.0 

0.12 0 58 

<0 ox 

xxo 

225 0 

0 12,0.534 

0 02 

1X0 

194 7 


0 075 

? 



R. A, 
Per 
Cent 


S3.0 

50 8 
52 0 
46 4 

47.2 

43 0 
40 X 
7 0 


Type of 
Frac- 
ture** 


® R, rounded — no drop in load at yield. D, drop xn load at yield. All stresses 1000 lb. per sq. inch. 
^ By the method employed. Difficult to determine accurately. 

« Ep is the slope of the strain-hardening curve. 

** See Pig. 8. 


Table i. The constant Q was determined 
from the yield-strength values of the tests 
performed at several strain rates at the 
three highest temperatures. Using this 
value of the heat of activation (10,000 
cal. per gram cal), the logarithms of the 


amounts at room temperature and then 
breaking them at — igo^C. The effect of 
prior deformation on the fracture stress 
of the specimens broken at --igo°C. is 
plotted in Fig. 6. With increasing deforma- 
tion, the stress necessary for fracture 
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increases markedly for this pearlitic steeL to be primarily associated with the carbide 
This increase in fracture strength with lamellae. The reorientation of these carbide 
increasing deformation can be at least lamellae during deformation results in a 
qualitatively interpreted by the micro- smaller efiEective cross section of cracks 



Yield strength, 100,000 lb. per sq. inch. 


scopic crack concept suggested in a pre- 
vious paper.® It was postulated that the 
fracture strength of metals m tension was 
determined by the average dimension of 
some inhomogeneity (crack) in a plane 
perpendicular to the applied stress For a 
pearlitic material, the cracks are assumed 


perpendicular to the direction of applied 
stress and therefore to an increase in frac- 
ture stress. The concept of reorientation 
of microscopic cracks has already* been 
used successfully in interpreting the effect 
of a pre-twist upon lowering the fracture 
strength in tension. 
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In the experiment just described, the 
fracture strength was measured as a func- 
tion of deformation at a very high equiva- 
lent strain rate. It would be difiSicult to 
separate experimentally the effects upon 
fracture strength of deformation and of 
equivalent strain rate. Until evidence to 
the contrary is obtained, therefore, it is 
better to make the reasonable assumption 
that these two effects of deformation and 
of equivalent strain rate are independent 
and therefore additive. Using this assump- 
tion, the fracture strength of the unde- 
formed metal may be obtained as a function 
of the equivalent strain rate in the follow- 
ing manner: For each value of the equiva- 
lent strain rate, the reduction of area may 
be obtained from Fig. 5, and its effect in 
increasing the fracture strength determined 
frqm Fig. 6. The fracture strength of the 
undeformed metal is then determmed as 
a function of equivalent strain rate alone 
by subtracting from the observed fracture 
stress the increase in stress brought about 
by deformation. The variation of the frac- 
ture strength of the undeformed steel with 
equivalent strain rate is plotted as the 
dashed line in Fig. $. The logarithm of the 


fracture strength of the undeformed metal 
(actually at a strain of o.oi) increases 



PRIOR RKOUOTION DPARKA (PERetNT) 


Fig. 6. — ^Erracr oar pkxor deformation 

ON FRACTURE STRESS AT MINUS I90°C., AIR- 
COOIED STEEL. 

linearly with the logarithm of the equiva- 
lent strain rate but less rapidly than the 


Table 2. — Tempered Fearlite 
Yield Strength, 130,000 Pounds per Square Inch 
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>ield Strength (also at a strain o.ot). 
Brittle failure occurs when the yield 
strength becomes equal to the fracture 
strength of the undeformed metal. 


examples of which are to be found in the 
literature.® After the maximum load is 
reached, the stress (load divided by actual 
area) is a linear function of the strain 



Fig. 7 — Effect of increasing strain rate or decreasing temperature on tensile proper- 
ties OF a pearlitic steel. 



strain rates. 


A schematic representation of the effect 
of strain rate on the tensile, properties of a 
pearlitic steel is presented as Fig. 7. Curve i 
is the t3npical stress-strain curve, many 


(logarithm of the ratio of the original area 
to the actual area). The slope of this 
portion of the stress-strain curve is referred 
to as the strain-hardening modulus. Curve 
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B is the fracture strength curve which increased, the fracture strength first in- 
rises with reduction of area in accordance creases and then decreases and the ductility 

with Fig. 5. As the strain rate is increased, decreases continuously (locus of fractures), 

the flow (i, 2, 3) and the fracture-strength As the equivalent strain rate increases, the 



Fio. 0,— Tensile propektibs or a pearlitic' steel as punction or strain rate and op 
Yield strenjsth, 130,000 lb. per sq. inch. 


curves (A, B, C) rise and the strain- 
hardening modulus increases slightly. Brit- 
tle failure occurs when the elastic line B 
the fracture strength of the 
undeformed metal D.* As the strain rate is 

* The elope of the elaetio Uiw hae been ex- 
aggerated for purposes of illustration. 


type of fracture also changes from a ductile 
cup-cone type through transverse to the 
brittle dr crystalline type. These various 
types of fractures are illustrated in Fig. 8. 

This discussion has been limited to the 
effect of equivalent strain rate on the 
isothermal properties of the peatUtic steel, 
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since the technique utilized in this in- 
vestigation imposes essentially isothermal 
conditions. The independent effect of the 
strain rate in changing the deformation 
from essentially isothermal to essentially 
adiabatic has been discussed in a previous 
paper.® This second effect is particularly 
large at low temperatures, where the shape 
of the adiabatic stress-strain curves is 
radically different from that of the iso- 
thermal curves. 


(under normal test conditions). As the 
strength of the steel is increased (by heat- 
treatment) the fracture strength increases 
less rapidly than the yield strength, 
therefore brittle failure should occur at a 
higher temperature. The significance of the 
small separation between the yield strength 
and fracture strength of the imdeformed 
metal in relation to the brittle failure in 
impact is the subject of a later paper.^ 
Suffice it to say that in the notched-bar 


Table 3. — Tempered Martensite 
Yieio Strength, 100,000 Pounds per Square Inch 


Deoxidation: 

Vanadtiim 

Steelmaking: Electric Furnace 

Heat-treatment: ^fa-in. Rounds. Water- 
quenched from i62S®P. Drawn for 3 Hr. 
at I290®P. 

Forming: Centrifugal Casting 

Tem- 
perature, 
Deg* C. 

Strain 
]^te 
X io< 

Curve* 

Yield Strength 
at Plastic 
Strain 

Tensile 

Strength 


Strain 

Ep/ 

Lb per 
Sq.ln. 

R. A.. 
Per 
Cent 

T^e of 
Frac- 
ture* 

of 

0.00 1* 


^ad 

Orig. 

Area 

Load 

Act. 

Area 

to 

T.S. 

to 

P.S. 

at 

Y.P.E. 

20 

2.2 

R 

97 

104 0 

115 I 

134 S 

200.0 

0.112 

0.770 


100 

54-8 

C.P. 

20 

18 

R 

lOI 

107. s 

1x9.2 

132.0 

2x9 0 

0 108 

0 900 


tos 

59.4 

C.P. 

20 

84 

R 

104 

IIO.O 

122 3 

131 0 

220 5 

0 095 

0 860 


110 

S8.l 

C.P. 

-14 

18 

D 

lOS 

II 2.0 

125. 1 

140 0 

217.0 

0.115 

0.780 

o.ox 

no 

54.0 

C.P. 

-65 

2.2 

D 

116 

I 2 I .0 

138 3 

109 S 

241 0 

0.20^ 

0.830 

O.OI 

115 

56.4 

Star 

-70 

84 

D 

I18 

125 0 

139 0 

162 0 

222 0 

0.151 

0,656 

0 01 

IIS 

48.1 

Star 

-130 

18 

D 

I 3 S 

135 0 

145 « 

170.0 

332 5 

0 ISO 0 745 

0.02 

IIS 

52 5 

Star 

— 170 

S 4 

D 

ISO 

150.0 

ISO. 9 

179.0 

245 0 

0.130 

o.6s6 

0.02 

120 

48.x 

Trans. 

— 190 

18 

D 




I 

205 0* 





43.0 

Trans. 


« R, rounded — no drop in load at yield. D. drop in load at yield All stresses looo lb. per sq. inch 
^ By the method employed. Difficmt to determine accuratuy. 

« is the sbpe of the strain-hardening curve. 

•* See Pig. 12. 

• Other data not recorded. 


The results of the experiments on the 
specimens that were air-cooled and tem- 
pered to 130,000 lb. per sq. in. 3rield 
strength are presented in Table 2 and as 
Fig. 9. The fracture strength of the unde- 
formed metal has been obtained in the 
manner described above and is also plotted 
in Fig. 9. The brittle failure of this steel 
occurs at a lower equivalent strain rate 
(10^® sec,-^) or at a higher temperature than 
that of the steel heat-treated to the lower 
strength. Brittle failure occurs at a lower 
equivalent strain rate (or higher tempera- 
ture) primarily because of the smaller 
separation between the yield strength and 
fracture strength of the imdeformed metal 


impact test the separation of 3neld and 
fracture strength is decreased by virtue 
of the increased strain rate and the 
transverse constraint imposed by the notch. 
This decrease in separation between the 
3deld and fracture strengths raises the 
temperature of brittle failure very nearly 
to room temperature. Small differences in 
the separation between the 3deld strength 
and the fracture strength of the unde- 
formed metal wiU be reflected in rather 
large differences in the temperature at 
vdiich brittle failure occurs.. The less the 
separation, the higher will be, the tempera- 
ture of brittle failure and the greater tbe 
separation, the lower it will be. 
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Tempered Martensitic Steel quently becomes smaller. The logarithm 

The results of the experiments at the of the yield and fracture strengths increases 
two strength levels of this type of steel linearly with the logarithm of the equiva- 
are presented in Tables 3 and 4 and in lent strain rate to about 10* sec.-^ (or to 



mVALf NT STRAIN RMTE OCC**) 


la— T bnshjed PROWtaTiES or a tbuoperxu MAarjaiNSiTic stxeii as function of stilaen eat® 

XSJ > OF TEMPFEATUB®. 

Yield strength, 100,000 lb. per sq. inch. 

Figs, xo and 11. As the strength increases, about — 7o®C.). The fracture strength, 
the separation of the yield and fracture however, rises more rapidly than the yield 
strengths under the normal test conditions strength (at both st^gth levels) and the 
(io*r< sec.'"^) decreases and the ductility reduction of area increases slightly. At 
as measured by reduction of area oonse- an equivalent strain rate of about 10* sec."^ 
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the dependence of both yield and fracture both must change. A change in Q would of 
strength on equivalent strain rate changes course introduce a change of coordinates 
discon tinuously. This change is such, how- of Figs. lo and ii. This abrupt change is 
ever, that the yield and fracture strengths associated with a sudden change of type 



^ io® ^ io 5 io» io® 

EQUIVALENT STRAIN RACTE (SEC*') 

Fig. II. — Tensile properties or a tempered martensitic steel as pitnction of strain rate 

AND OF TEMl^ERATURE. 

Yield strength, 130,000 lb. per sq. inch. 

continue to rise at very nearly the same of fracture, but the mechanism of the 
relative rate, and therefore the ductility change is at present unexplained. The 
can at most change very slowly. This dis- authors have arbitrarily assumed to be 
continuous change with increasing equiva- constant, m order to illustrate the general 
lent strain rate necessitates that r or Q or behavior. 
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The slight decrease in ductility at high 
equivalent strain rates is due primarily 
to the slight decrease in the separation of 
the yield and fracture strengths and to an 


for fracture of this tempered martensitic 
steel. Because of the spheroidal nature 
of the carbides of this structure, deforma- 
tion will not result in an orientation of 



pMpccowe , 


Fig. 1 2-— Types or rRAcnnuES op tempered martensite steel at various temperatures or 

STRAIN RATES. 


increase in the strain-hardening modulus 
(slope of the linear portion of the flow 
curve). There is no evidence of any effect 
of prior deformation on the stress required 


the carbide particles. Thus, the average 
dimension of the particles in a plane 
perpendicular to the applied stress does 
not change with deformation; therefore 


Table 4 . — Tempered Martensite 
Yield Strength, 130,000 Pounds per Square Inch 


Deoxidation: 

Steelmaking: Electric Furnace 

Heat-treatment: Water-quenched from 
i 63 s®F. Drawn for 3 Hr. at I 365 ®F. ^-in 
Rounds 

Vanadium 

Forming: Centrifugal Casting 

Tem- 

perature, 

Strain 

Rate 

S-S 

Curve* 

Yield Strength 
at Plastic 
Strain 

Tensile 

Strength 

Frac- 

ture 


Strain 

Ep,« 
Lb Per 

R. A., 
Per 

TVpe of 
Frac- 

Deg. C. 

X 104 

of 

0.00 

of 

0.01 or 
L.Y.P. 

Load 

Orig, 

Area 

Load 

Act. 

Area 

Stress 

to 

T.S. 

to 

F. S. 

at 

Y.P.B. 


Cent 

ture** 

30 

3.3 

18 

R 

131.0 

136.3 

14s. 0 

168.0 

336.5 

0.145 

0.708 

R 


50.8 

C.P 

30 

R 

133.0 

138. 0 

140.0 

164.5 

230.4 

0 135 

0.706 

R 

110 0 

50 8 

C,P 

30 

84 

R 

135 . 0 

143.0 

148.8 

167.0 

232,7 

0 110 

0.656 

R 

ISO.O 

49.4 

S-S* 

- 12 

3.3 

R 

134 0 

140.0 

147.0 

I6i,s 

338.0 

0.080 

0.690 

R 

IIO.O 

49^9 

C.P. 

- 13 

84 

R 

137.0 

144.0 

ISO. 3 
xoo.o 

166.0 

231 0 

0.09s 

0.600 


110 0 

45.1 

SSi 

-70 

7.3 

? 

142.0 

147.0 

189.0 

348.0 

0.160 

0.638 


IIO.O 

47.3 

C. Star 

-70 

84 

? 

146.0 

107.0 

151.0 

107.0 

163.0 

176.4 

X 93.0 

3^.0 

0 170 

0.648 


IIO.O 

47 7 

C. Star 

-140 

84 

D 

197.0 

353 0 

0.1x0 

0 630 

0.35 

IIO.O 

46.1 

C. Star 

— tSo 

«4 

! D 

17 P .0 

17 P 0 

184.0 

311. 0 

368.0 

O.XIO 

0.584 

app. 

0 0x5 
app. 

IIO.O 

44.4 

C. Star 


« Kf rounded — no drop in load at yield. D. drop in load at yield. All streesee looo Up. per sq. inch. 
^ By the method employed. Difficult to detenmne accurately, 

• 18 the dope of the strain-hardening curare. 
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CONDITIONS OF FRACTTOE OF STEEL 


the fracture strength should not depend 
upon the prior deformation.* 

Even at high actual strain rates or very 
low temperatures, these steels should not 
break brittlely. The type of fracture does, 
however, change as the equivalent strain 
rate increases (as temperature decreases). 
At about 10® sec.-^, the fracture changes 
abruptly from a cup-cone to a star t3rpe, 
and as the equivalent strain rate is further 
increased the fracture transfonns gradually 
to a transverse-fibrous type. These frac- 
tures are illustrated in Fig. 12. 

Conclusions 

1. Th,e flow stress and fracture strength 
have been obtained over a wide range of 
temperature and of strain rate for both 
pearhtic and a tempered martensitic steel 
at two stress levels. 

2. The effect of deformation upon 
fracture strength has been obtained for a 
pearlitic steel. 

3. The observations indicate that de- 
formation has a negligible effect upon the 
fracture strength of the tempered martensi- 
tic steel. 

4. The anomalous effect of deformation 
upon the fracture strength of a pearlitic 
structure may be interpreted as due to a 
reorientation of the carbide lamellae. 

5. The phenomenon of fracture is 
readily understood in terms of the concept 
of a flow stress and a stress at fracture first 
introduced by Ludwik. 

6. In the yield-strength ranges of the 
steels examined, only the pearlitic steels 
were brittle at high strain rates and at low 
temperatures. 
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DISCUSSION 

R. H. Heyer,* Middletown, Ohio. — Of the 
three important tests using notched samples, 
the notched-bar fatigue test and the notched 
tensile test are gaining in recognition and are 
being developed into useful tests, while little 
progress is being made in improvement of the 
notched-bar impact test. 

It is possible that the notched tensile test 
may become more widely used than the 
notched-bar impact test because it measures 
notch bnttleness under more favorable con- 
ditions and gives an answer in pounds per 
square inch average stress and percentage of 
reduction of area rather than in energy units, 
which are not readily interpreted and cannot 
be converted to sections of other sizes or 
shapes. 


* Research Laboratory, Amencan Rolling 
Mill Company. 
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Tlie notched tensile test also has its limita- 
tions in this respect and the conditions under 
which a cohesive strength limit are determined 
should always be stated. Present-day accept- 
ance of these tests varies from the following 
statement of Hollomon and Zener, . any 
deductions regarding fracture stress must be 
regarded with suspicion if based upon notched 
bars,” to McAdam, who is extracting all 
possible nutriment from the notched ten- 
sile test, and, I believe, is making vitamin 
injections. 

The principal criticisms of the notched 
tensile test are centered about the inde- 
terminate state of stress in the test section and 
the devious extrapolations often applied to 
the data. For practical applications, it should 
not be necessary to attempt to determine a 
true cohesive limit by extrapolation to zero 
notch angle and zero area ratio. 

In our experience, it has become apparent 
that much useful information can be gained by 
using a single notch angle and root radius at 
three or four notch depths. While it is too early 
to suggest standardization of any particular 
test procedure, the great advantage of such 
standardization should not be overlooked. 

We are using a 60® notch, which has merit 
from the standpoint of machinability and has 
been the most generally used of all notch 
angles in reported investigations. The critical 
feature in preparing the sample is, of course, 
the root radius. We have not been successful 
consistency in producing sharp notches by 
Gensamer’s file method, or in any other 
manner. Furthermore, it has become dear 
that a small root radius that rdieves local 
stress concentration is advantageous. By 
lapping a high-speed tool bit to a sWp point, 
using metallographic polishing papers and 
then relieving the point slightly, steds up to 
350 Brinell can be machined with a 60® notch 
having a root radius dose to o.oor in. The 
work is flooded with a good cutting oil during 
notching. The notch is then lapped, using a 
&nman hair and a thick paste of Levigated 
alumina in liquid soap^ Blond hairs can be 
selected at diameters between 0.00x5 &nd o.ooz 
in. The lapping operation produces a smooth, 
polished notch with a root diameter of about 


0.003 in. or a root radius of 0.0015 in. The 
contours of the tool bit and the notch are 
checked by shadow-picture methods at 50 
times magnification using a metallurgical 
microscope. 

We believe that the use of some form of 
lapped notch with a reprodudble root radius 
would greatly improve the reliability of notched 
tensile tests and make it possible to compare 
results of all investigators. 

J. H. Hollomon and C. Zener (author*s 
reply). — ^The eluddation of the philosophy of 
the notched-bar test would require more 
information and more space than is available 
at this time. No test should be performed solely 
for the sake of performing it. First, it must be 
determined what is to be measured, and, when 
this has been dedded, the test should be chosen 
or designed that will measure the desired 
quantities. The quotation of Mr. Heyer from 
our paper should be carefully examined. It is 
significant that we stated that deductions re- 
garding thefracfure stress must be viewed with 
suspidon. The complexity of the stress distri- 
bution and the difficulty of obtaining an exact 
knowledge regarding the path of the deforma- 
tion restrict the interpretation of the average 
yield stresses or average fracture stresses 
measured in notched-bar tests. Other quanti- 
ties, such as the temperature of brittle frac- 
ture of the rdative energy absorbed, may be 
semiquantitative or at least qualitatively 
interpreted. 

It is believed that frequently the interpreta- 
tion of the results of notched-bar tests is car- 
ried to an unreasonable extent. A discussion of 
the significance and interpretation of the 
notched-bar impact test is given by one of the 
authors begixming on page 298 of this volume. 
This presentation emphasizes that any such 
test must be interpreted in terms of the funda- 
mental variables affecting the Imechanlcal 
properties of metals. No other interpretation 
can be effective. 

The suggestions regarding the production of 
very sharp notches are extremdy inter^ting 
and 8hould''prove‘valuable to^those mterested in 
petforminglootched-bar itests. 



The Notched-bar Impact Test 

By J. H. Hollouon,* Student Assooate A.I.M.E. 


(New York Meeting, February 1944) 


The interpretation of notched-bar im- 
pact results has been a matter of contro- 
versy since the introduction of more or less 
standard tests by Fremont, ^ Charpy* and 
others at the turn of the century. Many 
investigators’r*^ have contributed to the 
understanding of the significance of such 
tests. Several symposiums**-” have been 
held with the express purpose of discussing 
the significance and interpretation of the 
impact tests. It is not the purpose of this 
paper to review all these contributions to 
the development of the knowledge on this 
subject, but rather to present an interpreta- 
tion of notched-bar impact tests that ap- 
pears to be in agreement with the available 
published data. 

Fundamentally, the interpretation dis- 
cussed in this paper of the brittle failure 
of some steels in notched-bar impact test 
is similar to the qualitative analysis pre- 
sented by Ludwik* in the 1920’s. Essen- 
tially, Ludwik stated that the function of 
the notch was to inaease the tensile stress 
necessary for yielding, and that brittle 
Mure occurred when the stress necessary 


The statements or opinions in this article are 
those of the author and do not necessarily 
express the views of the Ordnance Department. 
Published by permission of the War Depart- 
ment. Manuscript received at the office or the 
Institute Oct. 7, 1943. Issued as T.P. 1667 in 
Metals Technology, Apnl 1944 

The description of the data upon which the 
interpretation presented in this paper u based 
is contained in a paper by J. H. Hollomon and 
Clarence Zener, which has not yet been 
published. 

* Captain, Ordnance Department, U. S. 
Army, Watertown Arsenal, Watertown, 
Massachusetts. 

> References are at the end of the paper. 


for yielding exceeded the normal stress 
required for fracture (with no plastic de- 
formation). Ludwik, however, had no 
means of jneasuring this normal stress 
necessary for failure of a plastically* 
undeformed metal, therefore he could not 
extend his interpretation beyond the quali- 
tative stage. Kuntze*^ and recently Mc- 
Adam** attempted to determine the effect 
of deformation on the stress necessary for 
fracture by testing, in tension, spedmens 
notched to various depths and angles. 
Because of the uncertainties in Kuntze’s 
(and McAdam’s) anal)rsis of the stresses 
(which have been pointed out by Sachs**) 
and the inherent nonuniformity in the 
stress distribution in notched bars, the 
results of such investigations are difficult 
to mterpret. A more direct method of 
measuring the effect of deformation on the 
fracture stress was suggested in previous 
papers**'** and has been utilized in the 
present investigation. 

The present paper concerns itself pri- 
marily with the behavior of notched im- 
pact spedmens. The effects of strmn rate, 
temperature, and stress distribution, which 
are discussed with reference to the impact 
spedmen, apply just as well to the behavior 
of metal at the bases of notches in any 
engineering structure. All that is necessary 
is to determine the stress distribution in 
the structure at the base of the notches. 

* Throughout this paper “fracture strength 
of the undefonued metal” t^ers to a metal 
plasticttUy undeformed or plastically deformed 
to a very small straJs. 
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An impact specimen may be considered Notched-bae Specimens 

nothing more than a simple engineering ^ ^ 

structure. State of Stress 

The purpose of the present study is The distribution of stresses in notched 
accomplished by correlating the results of bars has been discussed in some detail by 



Fig. I. — Variation of state of stress across notched cylinder in tension. {After Gensamer\) 

Xa ^ lon^tudinal stress. 

Fy « radJal stress. 

Z» s= transverse (or circumferential) stress. 

Ut » shear-strain energy. 

the impact tests with those of tensile tests Neuber” (circular bar with hyperbolic 
obtained at various low temperatures and notches), by Frocht*® (circular bars mth 
high strain rates. Tensile results of two U-shaped notches), by Coker and Filon*^ 
steels are used simply as examples to Ulus- (square bars with V and keyhole notches), 
trate the effects of the variables of impact and by McAdam and Mebs.” The state of 
tests. Before corrdation of these tensUe stress bdow a notch in a cylindrical test bar 
and impact properties is possible, it is under tensile stress is described schematic- 
necessary, however, to review briefly the ally in Fig. 1. In this figure, Xa refers to 
distribution of stressed at the bases of the longitudinal tensUe stress, which is 
sharp notches. maximum at the base of the notch-, Zm 
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refers to the drcumferential (tangential) 
stress; and Yy refers to the radial stress, 
which must necessarily be zero at the sur- 
face of the notch. The state of stress 
described in this figure for a cylindrical 
notched bar in tension is similar to that 
found just below the center of the notch 
in bending.® 

According to the Von Mises viewpoint 
(p. lo of ref. 24), yielding occurs when 
the shear strain energy is equal to a critical 
value. The shear-strain energy is given by 
the following rdation: 

- [(X, - Yyy + (F, - Z.)* 

+ (Z, - [x] 

where Fy, and Z, are the three principal 
stresses and G, the modulus of rigidity. The 
variations of shear-strain energy with 
depth below the notch is also represented 
schematically in curve Z 7 ,, Fig. i. Accord- 
ing to the Mohr viewpoint (p. ii of ref. 
24), yielding occurs when the maximum 
shearing stress reaches a critical value. The 
maximum shearing stress (one half the 
difference between maximum and minimum 
principal stresses) will vary with the depth 
below the notch in nearly the samri fashion 
as the shear strain energy. 

The Von Mises criterion for yielding is 
the more nearly correct for most metals, 
with the notable exception of steels that 
have a drop of load at yielding, which 
probably obey the Mohr hypothesis. Thus, 
in general, yielding will occur when the 
maximum shear-strain energy reaches a 
critical value. In the notched bar, this 
energy is a maximum at the very base of 
the notch, and falls off sharply just below 
the notch. It may be that this sharp gradi- 
ent in shear-strain energy (or in maximum 
shearing stress) requires a higher critical 
value for yielding than would a uniform 
distribution of shear-strain energy (p. 4 
of ref. 24). Since this effect has not been 
investigated, and cannot be evaluated at 
this time, the study of the notched bar -will 


be confined to other factors, which can be 
discussed qualitatively at least. 

The sharper or the deeper the notch, the 
greater will be all of the principal stresses 
just below the base of the notch, for a con- 
stant notch angle. The magnitude and the 
gradient of the shear strain energy (or 
Tnarim um shear stress) will also increase 
as the principal stresses become more con- 
centrated if the rest of the geometry and 
the applied load are constant. The quanti- 
tative effect of increasing the depth and 
radius of the notch on the concentration 
of the longitudinal tensile stress at the base 
of a V-notch in a Charpy test bar is pre- 
sented as Fig. 2 (derived from the data of 
Coker and Filon®^. The stress concentra- 
tion factor b is defined as the ratio of the 
maximum longitudinal stress at the base of 
the notch to the average stress in the un- 
notched section. This relation between b 
and the sharpness of the notch may be 
applied to the case of bending to a good 
approximation, if the ratio of the depth of 
the notch to the height of the test bar is 
small.* As the notch becomes deeper, the 
notched area decreases and the average 
stress beneath the notch becomes greater. 
Thus even though the stress concentration 
factor as defined above increases as the 
notch is made deeper, the gradient in longi- 
tudinal stress beneath the notch may 
decrease. 

As the ratio of the depth of the notch to 
its radius increases, the ratio of the maxi- 
mum longitudinal stress to the average 
longitudinal stress increases. The elastic 
strain rate at the base of the notch is given 
by: 

bic [2] 

where e is the elastic strain rate at the base 
of the notch/& the stress concentra^on 


* tt should be noted that the discussion of 
the stresses at the base of the notch are of a 
semiquantitative nature. The stress distribtir 
tion wiU be affected by the elastic waves set 
up by the impact. 
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factor and ko the elastic strain rate in the 
unnotched section. 

Directly below and at the surface of the 
notch, the radial stress is zero, and the ex- 


yielding for these two cases may be derived 
directly from Eqs. 3 and 4: 






Fig. 9 . — ^Expect op notch depth and sharpness on longitudinai. tensile stress at base op 
NOTCH (for V-noxch Ceaept: bar), (After Coker and 


pression for the shear-strain energy reduces 
to: 

U. « I(X. - Z.)* + 2,* + X/\/xM [3I 

In the absence of the transverse stress 
(in the case of simple longitudinal tension) 
the shear-strain energy is given by; 

V. - 2 X^yi 9 G [4I 

where is the longitudinal tensile stress 
in the absence of other princ4>al stresses. 

Since yielding will occur for a given value 
of the rdbation between the stmses et 


where the superscript ' refers to the stress at 
yielding. If the ratio of the radius of the 
notch to the bax width is , sufficiently small 
so that the unstressed mass in the shoulder 
of the specimen completely prevents the 
material from the additional contraction, 
which should accompany the increase in 
longitudinal stress at tho base of the notch, 
transverse stress at the midwidth of 
^e bar 4t the base of notch will be 
g^ven approximately* by the £q. 6 (see 
Appendix A for derivation) : 
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Z. “ (r{b — 1)7 [6] about 5 (Fig. 2) and the increase in yield 

strength is nearly ii per cent. 

where a is Poisson's ratio; 6, the stress- As the width of the bar increases, or the 
concentration factor, and 7 the average radius of the notch decreases, the restraint 



STRESS OONCENTRATiON FACTOR (b) 

Fto. 3 . — Efpect of stbess concentration factor on tonsile stress necessary for yielding. 


longitudinal stress in the unnotched sec- 
tion. Combining Eqs. 5 and 6: 



since 

X«-67 

For the case of no lateral contraction, due 
to the concentration of the stress, the in- 
crease in yield strength due to the presence 
of this transverse stress is plotted in Fig. 3 
as a function of the stress-concentration 
factor. For the standard®* Charpy impact 
test specimen with a V-notch of o.oi in. 
radius, the stress-concentration factor is 


to transverse contraction, and thus, the 
transverse tensile stress, increases. The 
variation of the transverse stress at the base 
of the notch and at the center of the bar 
with this ratio is presented in Fig. 4 (see 
Appendix A for calculations). For values 
of the ratio of notch radius to bar width 
below about Hoi the transverse tensile 
stress is very nearly equal to its maximum, 
value. At the surface of the bar on its sides, 
the transverse stress must necessarily be 
zero. 

This discussion of the effect of the trans- 
verse stress tacitly assumes that the mate- 
rial does not have a transverse curvature 
during the elastic deformation, which 
would relieve the transverse stress. In 
notched-bar impact spedmeos, the inertia 
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of the material probably aids in reducing 
this curvature. 

From these considerations, the primary 
effects of the notch in a square bar during 
bending may be summarized: 

1. The longitudinal tensile stress at the 
base of the notch is increased. The concen- 
tration of this stress depends upon the ratio 
of the depth of the notch to its radius for a 
constant form of notch. 

2. The elastic-strain rate at the base of 
the notch is greater than the strain rate in 
the unnotched section and is equal to the 
stress-concentration factor multiplied by 
this strain rate. 

3. The notch introduces a sharp gradient 
in the shear-strain energy just below the 
notch. 

4. Because of the presence of a trans- 
verse tensile stress, the longitudinal tensile 
stress necessary for yielding is increased. 
The magnitude of this increase will depend 
on both the stress-concentration factor and 
the ratio of notch radius to bar width. The 
maximum possible increase is about 12 per 
cent (Fig. 3). The effect on the transverse 
stress of changing the ratio of radius of 
notch to width of bar is very small except 
for the large values (>Ho) of the ratio. 

Types of Test Specimens 

There are certain minor differences in 
the various standard type impact-test 
specimens. The square Izod test bar with a 
V-notch placed slightly away from the 
middle of the length of the bar is used 
rather generally in Great Britain, and both 
the square and round bars are used to some 
extent in this country. In the testing of 
this type of specimen, the bar is clamped 
at one end and struck on the notch side at 
the other end. This method of loading 
produces an asymmetrical stress distribu- 
tion at the base of the notch.*^ This asym- 
metry will depend also upon the stresses set 
up by the damp. Since, in the testing of 
ductile materials with this type of sped- 
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men, complete fracture of the specimen 
does not always occur, it is often difficult 
to compare the results of the impact tests. 

In the United States, the standard 
Charpy test bar with a keyhole notch has 
been used more generally, since it is be- 
lieved that more reprodudble values of the 
impact energy are obtained. The Charpy 
spedmen has the additional advantage of 
fadlitating low-temperature tests. The 
Charpy test is performed by pladng the 
test spedmen loosely on a platform between 
two supports at its ends. The impact is 
accomplished by a pendulum striking on 
the side opposite the notch at the mid- 
length of the bar. In this method of testing, 
the asjrmmetry of the stress distribution 
inherent in the Izod test is avoided and 
fracture usually occurs even for the most 
ductile material. Since the standard key- 
hole-notch specimens are of such size that 
the maximum energy required to fracture 
very ductile steel specimens is only about 
40 to 50 ft-lb., small differences between 
materials are sometimes difficult to deter- 
mine. Furthermore, very little careful 
analysis of the stresses at the base of the 
keyhole notch as a function of the spedmen 
geometry has been attempted. 

Many investigators have modified the 
Charpy specimen by using a V-notch 
rather than a keyhole. This spedmen has 
the advantage that the maximum spread 
between very ductile and brittle steels is 
of the order of magnitude of a 100 ft-lb.; 
and, it is believed that small differences in 
materials are therefore more readily dis- 
tinguishable. Furthermore, more attention 
has been paid to the study of the variation 
of geometry of the test bar for this type of 
specimen and the effects of variables are 
more readily understandable. 

Although this report concerns itself 
primarily with V-notch Charpy test sped- 
mens, It is believed that the interpretations 
apply in a general manner to any type of 
impact specimen. 
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Relation between Tensile and in which 
Notched-bar Impact Properties P “ 

Since the notched-bar impact test is and S is some measure of the strength of 
characterized by high strain rates at the the material; €, the strain; the strain 



Fig. 4. — ^Epfect op var'xing notch radius and bar width on transverse stress at base op 

NOTCH. 


base of the notch and often is performed at 
temperatures below room temperature, it 
is necessary to determine the effect of these 
variables on the normal tensile properties 
of at least some t3rpical metals, in order 
to interpret the properties observed in 
notched-bar impact tests. 

Physical Properties in Tension 
By a technique (p. 26 of ref. 24), based 
upon the assumption of an equivalence 
between the effects of decreasing tempera^ 
ture and increasing strain rate on the me- 
chanical properties of metals, the tensile 
properties of several t3rpical steels have 
been determined at high (equivalent) strain 
rates. This .technique assumes that the 
strength of metals is rdated to the tempera- 
ture, strain rate, and strain in the following 
manner: 

[ 8 ] 


rate; Q, a heat of activation characteristic 
of the material; R, the gas constant, and, 
T, the absolute temperature of testing. 
After determining the constant Q for a 
particular material, and for a given range 
of strain rate and temperature, the iso- 
thermal tensile properties at various rates 
of strain and at various temperatures may 
be determined by the equivalence. The 
properties of several steels have been ob- 
tained in this fashion as a function of equiv- 
alent strain rate.* Since the stress at a 
given strain is a function of p, the prop- 
erties of the material will be the same for 
any value of the strain rate and tempera- 
ture at which p is a constant. Thus, the 

* The equivalent strain rate'* is defined as 
the strain rate that will produce at a given 
tentperature (m this cascr room temperature) 
the same properties that were measured at a 
small actual str^ rate at some lower 
temperature. 


S = SM 
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effects of high strain rates may be obtained The effect of equivalent strain rate on the 
at room temperature for a given material isothermal* tensile properties for these two 
by determining Q and then performing sets of specimens are presented in Fig. 5 
tensile tests at various low temperatures. The fracture strength represented by 



The results of these experiments have 
been described elsewhere^^*^® in detail, but 
the main features will be reviewed. Speci- 
mens from a Cr-Mo-V cast^ containing 
0,25 per cent C. were heat-treated in two 
groups; the first was air-cooled from above 
the critical temperature ahd the second 
was water-quenched. Both sets of speci- 
mens were tempered to about the same 
. yield strengths. AU the tensile and impact 
data were obtsdned on these spedmens. 


solid lines in this figure are those measured 
after various amounts of plastic deforma- 
tion. The stress required to fracture a metal 
may vary, however, with the amount of 
plastic deformation before fracture. Such 
an effect was, suggested some years ago 
by Ludwik.® Kimtze,^^ and recently Mc- 

* In disoossiog the ' general features of 
notched-bar impact tests, the isothermal tensile 
propedyes wfU suffioe for most pUrpqses even 
tiuongh the adiabatic .stressf-straan curves may 
he cfpptoxixnateLy calculated. 
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Adam,^* have attempted to measure the tion, at —i90®C., and their iracture stresses 
effect of deformation by testing tensile were measured. By this method, the effect 
specimens notched to various depths and of prior defoimatioD upon the fracture 
angles. This technique is uncertain because stress was obtained. The results are plotted 



Fig. 6.— Effect of peioe deformation on fracture stress at — iqo^C. (air-cooeed steel). 


of the difiSculties in determining the stress 
in the plastic range at the bases of the sharp 
notches. In a previous paper, a more 
direct method for finding the effect of 
deformation was suggested and some pre- 
liminary results presented. This method, 
however, is applicable only to metals that 
in tension break brittlely at some tempera- 
ture. Specimens taken from the steel cast- 
ing already described were heat-treated by 
air cooling followed by tempering to very 
nearly the same yield strength as the air- 
cooled set of specimens whose tensile 
properties are described in Fig. 5. These 
specimens were deformed plastically by 
various amounts at room temperature and 
then broken, with little further deforma- 


in Fig. 6. With increasing plastic deforma- 
tion, the fracture stress increases. 

If the assumption is made that the 
increase of fracture stress with deforma- 
tion is independent of the temperature at 
which the deformation occurs, ^e fracture 
stress of the undeformed metal may be 
determined as a function of equivalent 
strain rate. For each value of equivalent 
strain rate, the reduction of area may be 
obtained from Fig. 5 and its effect in 
increasing the fracture stress determined 
from Fig. 6. The fracture strength of the 
undeformed metal has been determined as 
a function of equivalent strain rate by 
subtracting from the measured fracture 
stress, the increase in stress hmualif nKmit 
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by deformation. The variation of the 
fracture strength of the undefonned steel 
obtained in this manner with the equivalent 
strain rate is plotted as the dashed line in 
Fig. $. The logarithm of the fracture 
strength of the undeformed metal and the 
logarithm of the yield strength increase 
linearly as the logarithm of the equivalent 
strain rate increases. The fracture strength 
rises less rapidly than does the jdeld 
strength, and brittle failure occurs when 
the two straight lines intersect. 

It is not possible, with the technique 
described above, to determine the effect 
of deformation on the fracture strength 
of the sted that does not break brittlely in 
the tensile tests in the range of temperature 
employed. It is only possible to conclude 
that since this material did not break 
brittlely in the range of temperature and 
strain rate investigated, the yield strength 
does not exceed the fracture strength of the 
undeformed steel. Furthermore, it may be 
inferred that since the decrease in defor- 
mation at high equivalent strain rates does 
not reflect itself in a decrease in fracture 
strength, deformation |ias little effect on 
the fracture strength. 

Impact Properties of Air-cooled Steel 

It is now possible to attempt a correla- 
tion of the tensile and impact properties 
of these typical steels. The hrst effect that 
must be considered in the notched-bar 
impact test is that of strain rate. For the 
case of the standard V-notch Charpy bar 
of o.oi-in. radius of notch, the average strain 
rate can be calculated from appendix B to 
be 120 sec.“^.* For the V-notch Charpy bar 
under consideration, the ratio of the depth 
of notch to its radius is 8, and from Fig, 2, 
the stress-concentration factor h is found 
to be approximately 5. The elastic strain 
rate at the base of the notch, therefore, is 
equal to about 600 sec.”^, or 10**® secr^ or 
approximately lo* sec.“^. The effect of 

'•’Often referred to as inch per inch per 
second. 


temperature at a strain rate of 10* sec.** 
on the tensile properties of the air-cooled 
and tempered specimens has been derived 
from Fig. 4 by utilizing the equivalence of 
the effects of strain rate and temperature. 
The effect of decreasing the temperature 
at this strain rate on the fracture and yield 
strengths is illustrated by the dashed lines 
in Fig. 7. The solid line illustrates the varia- 
tion of the fracture strength of the unde- 
formed metal with decreasing temperature. 
At this strain rate, this steel should break 
brittlely at — i7o®C. Therefore, this steel 
when deformed in simple longitudinal 
tension at a strain rate of 10* sec.“^ should 
be ductile at all temperatures above 
-i7o®C. 

In a notched-bar impact bend test, how- 
ever, the longitudinal tensile stress neces- 
sary for yielding is raised by an amount 
depending upon the magnitude of the 
transverse stress. As was noted in a pre- 
vious section, the increase in longitudinal 
stress necessary for yielding (for the V- 
notch Charpy specimen) due to this effect 
is II per cent. The effect of this increase in 
yield strength upon the impact properties 
is illustrated in Fig. 7. (For the case of the 
standard V-notch Charpy impact test 
specimens, the ratio of radius of notch to 
width of bar is so small (Ho) that the 
transverse stress is very nearly equal to 
the maximum value consistent with the 
stress-concentration factor.) 

For the case of the standard V-notch 
Charpy specimen, the yield strength will 
equal the fracture strength of the unde- 
formed steel at about — 40®C, and brittle 
failure will occur at that temperature. If 
the ratio of notch radius to bar width is 
made larger, the transverse constraint is 
less, and brittle failure will occur at a 
lower temperature. 

It is now possible to describe in detail 
how the energy required to fracture 
notched-impact test spedmens of this 
material will depend upon temperature. 
A schematic description of the impact 
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properties of this type of steel in terms of of the fracture strength with strain. At the 
the tensile stress-strain curves is presented intersection of these curves, plastic defor- 
as Fig. 8. Curve i represents the stress- mation is terminated and failure results. 


009 .004 nos .006 .007 008 .009 010 

RECIPROCAL OFAeSOLUTE TEMPERATURE 

Fig. 7. — 'Eutect op decreasing temperature on tensile properties op a typical steel 
AT strain rate OP lO® SEC.~1 (AIR-COOLED SPECIMENS). 
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strain curve (or flow curve) obtained at As the strain rate is increased, both curves 
ordinary testing speeds at room tempera- rise, the flow curve more rapidly than the 
ture and curve A describes the variation fracture-strength curve. It has been shown 
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that the plastic-flow curve shifts upward 
very nearly parallel to itself and for the 
purposes of this discussion it is assumed 
that the fracture-strength curve does also. 


metal just below the notch may fail in a 
ductile manner with the formation of a 
crack. Since this crack may be very sharp, 
the material below this new notch may fail 



Fig. 9. — Eifect of temperature on notcbobd-bar impact energy (^dertved). 


The effect of the transverse stress in trans- 
ferring from the tensile specimen to the 
notched specimen is to shift the entire 
flow curve upward,* thus decreasing the 
strain before fracture (intersection of 
curves 3 and B). As the temperature is 
decreased, the fracture-strength curve 
shifts upward more slowly than the flow 
curve and the amount of deformation 
before fracture decreases rapidly until the 
yield strength becomes equal to the fracture 
strength of the undeformed metal at the 
temperature of brittle failure. 

This discussion in essence assumes that 
the fracture of the entire specimen is deter- 
mined by the original notch. Above the 
temperature of brittle failure, however, the 

* It is assumed that the transverse stress has 
no effect on the fracture curve. This viewpoint 
is consistent with the data now available, even 
though there is at present no direct experi- 
mental evidence to confirm the assumption. 
The effect previously noted” of the transverse 
stress in reducing the fracture strexigth may 
now be explained by the decrease in deforma- 
tion which accompanies the imposition of the 
transverse stress. 


brittldy (p. 148 of ref. 13) because of the 
increase in strain rate and transverse 
stress due to the sharper notch. This 
progressive increase in depth and sharpness 
of the notch will further contribute to t,he 
rapid decrease in impact energy, as the 
temperature is decreased to that at which 
the entire bar breaks brittlely. 

The schematic variation in impact energy 
for V-notch impact specimens as derived 
from Fig. 8 is presented as Fig. 9. As the 
temperature is decreased below room tem- 
perature for this air-cooled steel, the energy 
necessary for fracture decreases rapidly to 
about — 40®C., at which temperature 
brittle failure occurs. 

The variation of impact energy with 
temperature for steel specimens heat- 
treated in the same fashion as the air- 
cooled tensile specimens is presented in 
Fig. 10. The impact specimens were of the 
V-notch Charpy t3rpe having a o.oi-m. 
notch radius. The impact energy decreases 
sharply with decreasing temperature below 
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2o°C. and becomes equal to zero (3 to 4 transverse stress must necessarily be zero, 
ft-lb.) * at about -40®C. Below - 4o®C. the the yield strength will be below the fracture 
entire fracture was characterized by the strength. Since the bottom side of the 
so-called cr3rstalline appearance. Above specimen undergoes deformation as the 



Fig. 10. — Variation of impact energy with temperature. Specdiens treatep in J^-inch 

ROUNDS AIR-COOLED AND TEMPERED. 


— 4o®C., a very small layer of material just 
below the notch evidenced some plastic 
deformation before fracture; but the major 
portion of the fracture was of the crys- 
talline type. 

For some steels that undergo a transition 
from ductile to brittlef type of fracture, 
transition-zone fractures are observed with 
an area in the center, which is characterized 
by crystalline (indicative of a nonductile 
fracture) appearance surrounded com- 
pletely by material that has suffered de- 
formation. Just above the temperature for 
complete brittle failure, the material just 
beneath the notch does not break brittiely 
because its yield strength is bdow the 
fracture strength of the undeformed mate- 
rial. Since at the sides of the specimen the 

* Actually* it takes about 2 to 3 ft-lb. to 
knock the specimen off the anvil. 

t Brittle fracture herein is considered to 
mean that the specimen breaks with only the 
absorption of elastic eneiRy. 


specimen fractures, its fracture strength is 
raised and brittle failure is prevented until 
a lower temperature is reached. The very 
center breaks brittiely because the strain 
rate and transverse stress, and conse- 
quently the yield strength, are raised by 
the formation of a sharp crack. Brittle 
failure of the entire bar does not occur 
until the temperature is reached at which 
the sharpness of the original notch is 
sufficient to raise the yield strength to the 
fracture strength of the undeformed metal. 
An exact discussion of the mechanism of 
failure at the base of the very sharp 
“natural” notch is extremely difficult. 
Some of the complexities have been pointed 

out previously.^* 

« 

Impact Properties of Water-quenched Steel 

The effect of decreasing temperature on 
the tensile properties of water-quenched 
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and tempered steel at a strain rate of 10* fracture stress at or slightly below room 
sec.-^ is plotted in Fig. ii. Since this mate- temperature (at a strain rate of 10* sec."^) 
rial does not break brittlely in the tensile cannot at present be explained. Since a 
test, it is not possible to determine the large amount of deformation occurs before 



Fio. II. — ErrECT of DECBEASING TEMPEXATITBE on tensile properties of a TVPICAL STEEL 
AT STRAIN rate OF 10® SEC.”^ ( WATER-QUENCHED AND TEMPERED SPECIMENS). 


e^ect of deformation on the fracture 
strength; therefore it is impossible to 
determine the fracture strength of the 
undeformed material. 

The solid line of Fig. ii represents the 
variation with temperature of the longi- 
tudinal stress necessary for yielding at the 
base of the notch. On the assumption that 
there is little effect of deformation on the 
fracture stress (or even assuming the same 
effect of deformation as for the air-cooled 
steel) brittle failure will not occur for this 
material down to at least — lyo^C. at 
this strain rate. The difference between the 
yield and fracture stresses gives a measure 
of the amount of deformation* that will 
occur at each temperature. Assuming that 
the deformation is isothermal and, there- 
fore, that Fig. II applies directly to the 
impact test, the variation of the impact 
energy will be given schematically by the 
full line of Fig. is. The sudden decrease in 

* This will also depend on the exact shape 
of the stress-strain carve. 


failure and the deformation is essentially 
adiabatic at the strain rates that occur 
in the Charpy test, the temperature of 
the material will rise during the deforma- 
tion and the fracture-strength curve shown 
in Fig. II will be shifted toward lower 
temperatures. The extent of this shift can 
be calculated^^ approximately. However, ‘ 
for the present purposes, it is suf&dent that 
the sharp drop occurs at a somewhat lower 
temperature than would be predicted from 
the isothermal properties (dashed line of 
Fig. 12). 

The actual Charpy-test results are pre- 
sented in Fig. 13 for this material. The 
sharp drop occurs at about — 40°C. and 
thereafter the energy decreases only slightly 
mth decreasing temperature. (For other 
similar materials, it has been found that 
this very slight decrease continues to 
— i90®C. No information has been obtained 
for lower temperatures.) The fact that 
brittle failure does not occur in the range 
of temperature investigated for this type 
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of material lends credence to the assump- The notched-bar impact energy for 
tion that the effect of deformation on the metals that do not break brittlely at low 



TEMPERATURE {*0 . 

Fro. 12. — Effect of decreasing temperature on notched-bar impact energy (derived) 
(water-quenched and tempered). 



-ise -40 492 104 (iF) 

TCMFEKATURC < 

Fig. 13.— Variation of impact energy with TEMPERATtrRE. Specimens treated in %-inch 

ROUNDS, WATER-QUENCHED 'AND TEMPERED, 

fracture strength is small and that the temperatures should decrease with tern- 
separation between the yield and fracture perature more rapidly than would be 
strengths of the undeformed metal is large, predicted from a consideration of the areas 
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under the tensile stress-strain curves at the 
signihcant temperatures and strain rates. 
This more rapid decrease in energy can be 
accounted for only if the volume of the 
metal suffering deformation decreases as 
the temperature is lowered. As has been 
indicated in the previous discussion con- 
cerning water-quenched steel, the ductility 
decreases slightly and the strength in- 
creases markedly as the temperature de- 
creases. This decrease in strain before 
fracture will effect a decrease in the amount 
of metal below the notch that suffers de- 
formation, and consequently a further 
reduction in the energy absorbed. 

Effect of Vabiables of Impact Test 

Radius of Notch 

Changing the sharpness of the notch by 
varying its radius of curvature (while 
maintaining the rest of the geometry con- 
stant) changes both the strain rate and 
the transverse stress. If, however, the ratio 
of notch radius to bar width is less than 
about Ho (Fig. 4) and the stress-concen- 
tration factor is above about c-S (Fig. 3), 
the principal effect of varying the radius 
will be to change the strain rate. If a/r 
becomes greater than H 0 or 6 less than 2.5, 
changing the notch radius will change the 
transverse stress and, consequently, the 
longitudinal stress necessary for yielding. 

For a steel that breaks without defor- 
mation in an impact test, the relation 
between the strain rate and temperature at 
which brittle failure occurs will be given 
(see Eq. 8) by the following equation: 

pB ~ [ 9 ] 

where ps is a constant and the subscript B 
refers to brittle failure. Since the effects of 
strain rate and temperature are equivalent, 
fracture without deformation will occur at 
a combination of these two variables at 
which Eq. 9 is satisfied. 

Combining Eqs. 9 and 2, the rdation 
between the stress-concentration factor 
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and the temperature at which brittle 
failure occurs is found: 

pB *“ [10] 

Since the average strain rate depends 
only upon the speed of the impact and the 
size of the test bar, if these variables are 
kept constant the relation between the 
stress-concentration factor and the tem- 
perature at which brittle failure occurs 
may also be written as: 

hihB--Q/RTB + K [ii] 

where iTis a constant. Thus the logarithm 
of the stress-concentration factor will be a 
linear function of the reciprocal of the 
absolute temperature. This relation, how- 
ever, will be valid only under the conditions 
of testing in which the variations necessary 
to produce changes in the stress-concentra- 
tion factor do not also appreciably change 
the longitudinal stress required for yidding. 

The effect of notch radius (for a constant 
depth of notch) has been investigated by 
Gagnebin and Armstrong.** These in- 
vestigators measured the impact energy 
as a function of temperature for V-notch 
Charpy specimens having various radii of 
curvature at the bases of the notches. From 
these results for each radius gf notch, the 
temperature at which brittle failure* occurs 
was determined and the value of the stress- 
concentration factor for each radius was 
obtained from Fig, 2. From these data, the 
logarithm of the stress-concentration factor 
is plotted in Fig. 14 as a function of the 
redprocal of the absolute temperature of 
testing, for a plain carbon and a nickd 
sted. For stress-concentratioijf actors above 
about 2.5 {r/w < Ho) the logarithm of the 
stress-concentration factor is approximatdy 
a linear function of the redprocal of the 
absolute temperature, indicating that the 
prindpal effect of changing the radius 
is to change the strain rate at the base 

• It was assumed arbitrarily when the 
impa^ energy had decreased to 40 ft-lb. that 
brittle failure had occurred (any value o£ the 
energy would have sufficed.) 
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af the notch in accordance with Eq. ii. 
For stress-concentration factors below 2.5 
(r/w < Ho) the effect of decreasing the 
radius of the notch is very much greater. 
In this range, decreasing the radius of 
the notch will decrease the transverse 
stress* and the longitudinal stress necessary 
for yielding and, therefore, reduce the 
temperature of brittle failure. 

The effects of varying the radius of the 
notch in impact bend tests can now be 
summarized: 

1. If the ratio of radius of the notch to 
the width of the bar is below about H o» and 
the stress-concentration factor is above 
about 2.5, the prindpal effect of varying 
the radius will be to change the rate of 
strain. 

2. If the ratio of the radius of the notch 
is above about Ho> or the stress-concen- 
tration factor below 2.5, increasing the 
radius of the notch will decrease both the 
strain rate and the longitudinal stress 
necessary for yielding. 

These results will apply to any type of 
impact test bar, even though the discussion 
was restricted to V-notch test bars. 

Impact Velocity 

If the geometry of the test specimen is 
kept constant, the elastic strain rate may 
be varied by changing the impact velocity. 
The effect of increasing the strain rate will 
be to bring the yield and fractxire strengths 
closer together. If the material breaks 
brittldy, the relation between the tem- 
perature and the velocity of impact for 
brittle failure may be derived directly. 
Since the average elastic strain rkte is 
proportional to the velocity of impact 
(appendix B), Eq. 10 becomes: 

K = 
or 

hi Vb -Q/RTb + hi K [12] 

♦ There are two separate effects, one brought 
about Iw the change in stress-concentration 
factor (Pig. 3) and the other through changes 
in constraant (Fig. 4). 


where .K is a constant, Vb the velocity of 
impact and Tb the absolute temperature 
at which brittle failure occurs. Thus for 
brittle failure the logarithm of the impact 
velocity should be a linear function of the 
reciprocal of the absolute temperature at 
which brittle failure occurs. 

The results of experiments performed by 
Witman and Stepanoff® are presented as 
Fig. IS to illustrate this linear relationship. 
As the velocity of impact increases, the 
temperature at which brittle failure occurs 
rises in agreement with Eq. 12. 

The effects of velocity of impact may be 
summarized: 

1. Changing the velocity of impact 
changes the yield and fracture strengths^ 
and the difference between them. The exact 
dependence of the tensile properties on 
speed depends upon the t3npe of metal. 

2. If a metal breaks brittlely, the rela- 
tion between the impact velocity and tem- 
perature at which brittle failure occurs is 
given by Eq. 12. 

Width of Bar 

Varying the width of test bar, of course, 
will change the total volume of material 
affected by the deformation, and, there- 
fore, the energy necessary for fracture. For 
a ratio of notch radius to bar width less 
than about Ho, the primary effect of 
increasing the test bar is to increase the 
mass of the specimen. For ratios of r/w 
greater than about Ho, increasing the 
width of the bar will decrease the trans- 
verse stress and concommitantly decrease 
the longitudinal stress necessary for yield- 
ing. The effect of varying the width of the 
impact specimen has been the subject of 
controversy since Moser^® first published 
his results, in which he showed that for a 
certain steel and a certain test bar geometry 
increasing the width of the test bar had 
the surprising effect of decreasing the 
energy necessary for fracture. The results 
of Moser’s experiments are illustrated in 
Fig. 16. For slow tests, the energy neces- 
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sary for fracture increases uniformly with 
increasing width. For the “impact” tests, 
the energy increased to a width of about 
2.5 cm. and then the impact energy de- 
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Fig. 7), As the width of the bar increases, 
the transverse stress and consequently the 
yield strength increases and brittle failure 
will occur at a higher and higher tempera- 



Fig. 14. — Effect of changing stress concentration factor (by changing radius of notch) 
ON TEMPERATURE OF BRiTTiE FAILURE. {From data oj Armstrong and Gagnebin.^’^) 


creased sharply and the failure changed 
from the fibrous or ductile type to the 
crystalline or brittle t3rpe. For the smallest 
bar of Moser’s experiments, the ratio of 
notch radius to bar width was K- (Keyhole 
notches of 0.25-cm. radius.) Increasing the 
width of the bar, therefore, increases the 
transverse stress. For a bar i cm. wide, 
the longitudinal stress necessary for yield- 
ing was not equal to its maximum value, 
for the transverse stress was less than its 
maximum. Brittle failure for this case 
would occur at a low temperature* (see 

* The temperature at which brittle failure 


ture. Since the maximum increase that can 
be affected in the longitudinal stress neces- 
sary for yielding is about 12 per cent (for 
h > 2.5) if the separation of the yield 
strength and fracture strength of the 
undeformed steel for the geometry of the 
test bar and strain rate employed is less 
than 12 per cent of the yield stress, brittle 
failure will not occur at the temperature of 
test. For a steel to undergo a transition 
from ductile to brittle failure as the bar 

occurs for a given geometry of test bair will 
vary, of course, with the steel. However, the 
results of Moser's experiments may be inter- 
preted for the steel or Pig. 7. 
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width is increased, it is necessary that the 
separation between the yield stress and 
fracture stress of the undeformed steel be 
less than 12 per cent. (If the stress-concen- 
tration factor is less than about 2.5, the 


determining the ejffect of widening the test 
specimen, the temperature of the test 
should be so chosen that the specimen 
breaks ductilely, at least for the narrowest 
bar. 



JFig. 15. — Effect or impact vExoaTY on tempebature or brittle failure, unnotched 
SPECIMENS. ^After Witman and Stepanoff,^) 


separation may be less for brittle failure 
to occur.) The higher the strain rate, the 
less is this separation between the yield 
strength and the fracture strength of the 
undeformed metal. At slow speeds, this 
separation may be such that widening the 
bar will not induce brittle failure (Fig. r6). 

If the ratio of r/w is less than about Ho, 
increasing the width of the bar should not 
appreciably change the temperature at 
which brittle failure occurs. The transition 
25 one, however, may appear to shift to 
lower temperatures since the values of the 
energy for ductile or partially ductile 
failures will be increased by a more or less 
constant factor because of the increase in 
the volume of the material suffering de- 
formation. Therefore it is necessary that in 


For a test bar having a ratio of r/w 
greater than Ho, increasing the bar width 
will cause the temperature at which brittle 
failure occurs to shift to a higher and higher 
temperature. Such an effect was observed 
by Maurer and Mailander,** whose results 
are plotted as Fig. 17. In general, for values 
of the ratio of r/w in this range, the effect 
of increasing the width is simply to bring 
the yield and fracture strengths closer 
togeriier. 

The effects of bar width on the impact 
test may be summarized; 

i. If the ratio of radius of notch to bar 
width is less than about Ho, changing' the 
width of the bar should have little effect 
other than to increase the volume of the 
metal suffering deformation. 
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2. If the ratio of notch radius to bar 
width is greater than about Ho* changing 
the width of the bar will change the trans- 
verse stress and consequently vary the 


depend entirely upon the difference be- 
tween the yield and fracture strengths for 
the spedffq conditions of the test employed. 
The lower the temperature or the higher 



WIDTH OF TEST SPECIMEN, (CM) 

Fig. 16. — ^Efitecx or width or speciiien on impact energy at two speeds. (After Moser .^^) 


longitudinal tensile stress required for 
yielding, as well as changing the volume of 
metal suffering deformation. 

3. If the separation between the yield 
strength in pure tension and fracture 
strength of the undeformed metal is 
greater than about 12 per cent under the 
conditions of the impact test (such as fem- 
perature and strain rate), brittle failure 
should not occur for a test specimen of any 
width. Whether or not brittle failure will 
occur for a specimen of a given width* will 


the strain rate, the less will be this separa- 
tion and the more likely will be the possi- • 
bility of brittle failure. 

SiGNmCANCE AND USE OP NOTCHED-BAR 
Impact Results 

Notched-bar impact results are in essence 
relative measures of the areas under stress- . 
strain curves for particular test conditions. 
Such tests indicate the relative ability of 
metals to deform under the conditions of 
stress distribution, strain rate and tern- 
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perature that are imposed. More spedh- 
caJly, the test determines for a given set of 
conditions whether or not the yield strength 
is equal to the fracture strength. 


3 deld and fracture strength for similar 
metals under the stress-strain curves of 
these materials only if the impact tests are 
performed under identical conditions. The 



Fig. 17- — Effect op width of specimen on temperature' of brittle failxjre. (Afier Maurer 

and Mailander^^) 


Since the amount of material suffering 
deformation is difl5cult to determine, the 
impact energy cannot be interpreted 
exactly at the present time in terms of 
tensile properties unless the material 
breaks brittiely and the energy required 
for fracture is essentially zero. For ma1:e- 
rials that break ductilely, the values of the 
impact energies can be used to compare 
relative areas for the separation between 


conditions under which the test is to be 
performed must be determined by the 
conditions of service to which the sted is to 
be subjected. If the designer of an engineer- 
ing structure can predict the most unfavor- 
able* conditions the steel used will meet in 
service, it is then possible by the proper 
choice of impact specimen and test condi- 
tions to reproduce at least approximately 
the 'service conditions by notched-bar 
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impact tests. The various possible steels 
may be then compared on the basis of such 
impact tests and a choice of metal made. 
Often a designer must compromise by 
accepting a steel that he believes (or has 
sufficient experience to be certain) will 
perform the engineering function satisfac- 
torily instead of demanding the most 
suitable steel. 

For most engineering structures, it is 
expected that the restraint imposed by 
the geometry will be sufficient so that the 
transverse stress will reach its maximum 
value at the bases of notches and ffilets 
(Fig. 4). For this reason, an impact speci- 
men should be used in which the ratio of 
notch radius to bar width is less than Ho- 
If the restraint (or transverse stress) is 
expected to be less, the ratio of notch 
radius to bar width can be made greater 
than Ho- 1 h designing an engineering 
structure, the designer attempts to maxi- 
mize the radii of the notches and fillets. 
If notches are unavoidable, the designer 
should attempt to estimate the maximum 
depth and sharpness of the notches that 
might occur in a structure suffering shock 
loading and the maximum average strain 
rates and minimum temperatures to be 
expected. With certain general knowledge 
of the steels that are available, the designer 
may be in a position to choose the radius 
of notch of the specimen and the tempera- 
ture at which the test should be performed. 
(The impact velocity is usually fixed by 
the available Resting machines.) If it is not 
feasible to reproduce the strain rate by 
increasing the sharpness of the notch or 
the impact velocity, the temperature may 
be lowered below the minimum tempera- 
ture expected by an amount necessary to 
approximate the required increase* in 
strain rate. 

Tests should then be performed under 
these fixed conditions and. the rdative 

* The limited data now available indicate 
that for most steels a small chanse in tem- 
perature is equivalent to a large change in 
strain rate. 


acceptability of the steels determined. If a 
steel breaks brittlely under these condi- 
tions, the structure is liable to failure with 
ittle absorption of energy. Some materials 
may require greater energy for fracture 
than others, and it is in this case that the 
designer must use his judgment. In most 
cases the results of standard impact tests 
may be used if it is realized that a metal 
that has a lower transition temperature 
than another for a given radius of notch 
may have a higher transition temperature 
for a sharper notch. If a steel does not 
break brittiely even at very low tempera- 
tures when tested in impact with very 
sharp notches, it can be inferred that it is 
suitable for service in which the notches 
will be less sharp. If fine distinctions are 
to be made between steels for a particular 
service, it is necessary to attempt to re- 
produce the service conditions by an impact 
test and compare the steels by this test 

Summary 

An interpretation of the brittle failure 
of some steels in notched-bar impact tests 
is presented. This interpretation is based 
upon the effects of the stress distribution 
present at the base of the notch and the 
effects of high rates of strain and low tem- 
peratures on the properties of several 
typical steels. Brittle failure is due pri- 
marily to the small separation between the 
yield strength and the fracture strength of 
the undeformed metal and to the increase 
in the longitudinal tensile stress necessary 
for yielding induced by the transverse 
constraint imposed by the notch. 

Increasing the width of a notched-bar 
specimen, in general, will increase the 
volume of material suffering deformation 
and thereby increase the energy required 
for fracture. If the ratio of notch radius to 
bar width is less than about Ho> the pri- 
mary effect of changing the width of the bar 
is to change the volume of material under- 
going deformation. If, however, the ratio 
of the notch radius to bar width is greater 
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than about H Ot changes in the width of the 
bar will produce changes in the transverse 
constraint sufficient to affect appreciably 
the temperature of brittle failure, as well 
as change the volume of the material 
suffering deformation. 

The strain rate at the base of the notch 
may be increased by changing the geometry 
of the test bar or increasing the velocity 
of the impact. Increasing the radius of 
curvature of the notch will serve primarily 
to decrease the strain rate, and vice versa, 
if the ratio of notch radius to bar width is 
less than Ko and the stress concentration 
factor is greater than about 2.5. For condi- 
tions of geometry outside these limits, 
increasing the radius of the notch will also 
decrease the transverse’ stress, and vice 
versa. 


Decreasing the temperature and raising 
the strain rate are equivalent in their effects 
and serve to decrease the separation be- 
tween the yield strength and fracture 
strength of the undeformed metal. Some 
steels do not break brittlely in the impact 
test, and these same materials maintain 
their ductility in simple tension to very 
low temperature or to very high strain 
rates. 

The interpretation of the impact test 
presented in this paper and the relations 
between the variables of the test should aid 
the designer of engineering structures in 
choosing the conditions of the notched-bar 
test so that the value of the impact energy 
may become a relative measure of the 
suitability of the various steels for particu- 
lar engineering applications. 


APPENDIX A 

Calculation oe Transverse Stress 
AT Base or Notch 
By C. Zener,* Mebcber A.I.M.E. 

Outside of the immediate vicinity of 
notch; all stresses vanish except Z*, which 


Fig. x8, 

is constant. In order to calculate the stress 
Zm at the base of the notch, a system of 
surface stresses is applied over the face 
of the plate in vicinity of the notch that 
will render the faces plane. It may then 
be shown that the stresses in the plate are 
independent of z. This conclusion is most 
readily arrived at by considering the plate 


* Senior Physicist, Watertown Arsenal. 
Watertown. Massachusetts. 


to be subdivided into an arbitrarily large 
number of thin slabs, all of which have 
the same distribution of surface stresses. 

Let b represent the factor by which Z* 
has increased at the base of the notch. Fy is 
zero, at this surface, and it is desired to 
ffnd Z.. The strain is the strain associated 
with the uniaxial stress y away from notch. 
The additional Z* stress [(6 — 1)7] is there- 
fore associated with no further Cmm- This 
condition leads to the equation: 

0 = ^{Z.-ffib-x)y) [i] 

or 

Zm = cr(& — 1)7 [2] 

We now reheve the surface stresses over 
the faces. This relief may be regarded as 
the addition of surfaces stresses of the same 
magnitude but of opposite sign. An approx- 
imate computation will now be made of the 
effect of these added surface tractions upon 
the stresses Zg along notch 

Denote by F the total force applied on a 
face: 

Fal 
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If the dimensions of the region over which 
F is applied are small compared with the 
width W of bar, the effect of F near the 
center of the bar will not be appreciably 
affected by the manner in which F is 
distributed. 

The solution is given by Love®^ for the 
stresses produced in a medium of infinite 
extent by the'appUcation of singular forces. 
Let the force F be applied at the origin of 
coordinates in direction of s, and an op- 
posite force be applied along axis of 2 at a 
point W away from origin. The stress Z, 
midway between the two points is then: 

AZ. = (2F/Tr®)a 

where a is a factor very nearly equal to 
unity; namely, (3/7r)(X + ^iAf)/(X + 2^0* 
It is to be expected that the difference 
between the plate and the infinite medium 
will be a factor of 2, since each force in the 
case of the plate is effectively supported 
by only half the material as compared with 
the case of the infinite medium. Therefore, 
we have the approximation: 

Z, - 4F/TF® 

It remains to obtain an estimate of F, 
The integral of Eq. 3 is equal to: 

iZdA « Cir®(Z.)» 

where Ci is a numerical constant of the 
order of magnitude of unity, r is the radius 
of curvature of the notch, and (Z,)« is the 
maximum value of Z,; namely, <r(6 — 1)7. 
Therefore, at the base of the notch at the 
mid-point of the bar: 

Z. = <r(6-i)T{i-Ci(4)(r/TD*} 

An attempt at -an estimate of Ci was 
made by an exact computation for the 
case of a circular hole in a plate. In this 
particular case, Ci is exactly zero. The 
only contribution to AZ« then comes from 
the dipole distribution of the form, which 
will lead to a term {r/wY, This attempt in- 


dicates that Cl is small compared with 
unity. Fig. 4 of the text has been con- 
structed with 4C1 set equal to unity. 


TV 



y («) : displacement with respect to center 
of beam. 


APPENDIX B 

Relation between Velocity and Strain 
Rate in Bending Test 

In an elastic beam, the curvature is 
directly proportional to the moment acting 
across a plane. Thus if y is the displace- 
ment, X the coordinate along the beam (see 
accompanying figure) : 

d^/dx^ M [i] 

From a consideration of the external 
forces acting upon the beam, it may be 
shown that M decreases linearly from a 
maximum at center to zero at the ends: 

M{x) = Mo{i - x/HD [2] 

Therefore, upon combining Eqs. i and 2: 

d^/dx^^ y:\i--xlHL) . [3] 

Double integration of Eq. 3 gives for the 
displacement D of the center with respect 
to the end supports: 

B » [4] 

The relation between the curvature and 
the maximum strain, €0, is given by: 

Co *= a/R ^ ay/* [5] 

where R is the radius of the curvature at 
center and a is the distance from the center 
of the beam to the surface (a = radius for 
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arcular beam. ^ thickness for rectangular 
beam) . 

By combination of £qs, 4 and 5 the 
following is obtained; 

D = H 2 ecLya 
dt 12a dt 
dt ~ 6 k' dt 

where h is the thickness of the bar. 
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DISCUSSION 

(F. G. Tatnall presiding) 

M. Metzger,* Harrison, N. J. — On Figs. 10 
and 13, two lines are plotted. Do they repre- 
sent two specimens of steel or does on^j repre- 
sent adiabatic and *the other isothermal 
deformation? 

J. H. Hoilomon (author's reply). — The 
two lines in Figs. 10 and 13 were drawn simply 
to include aU the data. Because of the spread 

• Crucible Steel Company of America. 
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in impact data often observed, this method 
of plotting appears to be the most illustrative. 

H. W. Russell,* Columbus, Ohio. — ^In th<* 
held of low-temperature impact, there is a 
phenomenon that often occurs. In the Charpy 
test, it is frequently found that at some low 
temperature either ductile or brittle fractures 
will occur, but not intermediate values. The 
results are best represented as two overlapping 
curves. Such results are possibly best illus- 
trated in the data published by Sergeson for 
the Joint High Temperature Committee in 
the A.S.T.M. in 1936. 

J. H. Hollomon. — There are many details 
of the behavior of steels when notched and 
broken in impact which could not be covered 
in the oral presentation, but most of them are 
discussed in the paper as printed. This phe- 
nomenon of a sharp transition from ductile to 
brittle failure is a case in point. 

If one could break an infinitesimally small 
specimen at some temperature or rate of 
loading, the t3q)e of fracture would change from 
completely ductile to completely brittle. For 
an actual specimen, however, the nature of the 
deformation is such that the severity of the con- 
ditions of fracture progressively increases as 
the crack progresses across the specimen. 
Suppose, for example, that a specimen is being 
broken at a temperature slightly above that 
at which brittle failure would occur under the 
conditions of severity imposed by the original 
notch. The metal at the base of the notch will 
deform considerably before fracture. A sharp 
crack, however, will be formed and, at some 
point beneath this crack, the metal will break 
in a brittle fashion. Such fractures consist of a 
fibrous zone surrounding a crystalline or 
brittle zone and are referred to as transition 
fractures. Thus, it is possible to obtain inter- 
mediate values of impact energy in the range 
of transition from completely ductile to com- 
pletely brittle fractures. The metal itself, 
however, does not behave in an intermediate 
fashion; it is either ductile or brittle. The 
interpretation of this sudden transition m 
terms of stress-strain curves is presented in the 
paper. 

E. F. PoNCELET,t Butler, Pa. — ^We have 
found that th e amount of energy required to 

* Battelle Memorial Institixte. 

t Preston Laboratories. 


produce brittle fracture in glass depends on the 
elastic properties of the striking solid. Is any- 
thing known about the behavior of steel in this 
respect? 

J. H. Hollomon— 'I do not know of any 
information on this subject. 

E. F. PoNCELET. — Hoes it make much differ- 
ence, or does it make little difference if you 
use a very hard impacting tool or a relatively 
soft one on steel? 

J. H. Hollomon. — The problem of the 
actual nature of the brittle fracture of steels 
has not been studied in any great detail. The 
primary metallurgical problem is to determine 
the factors that control the amount of plastic 
deformation that will precede fracture in 
structural materials. It is only necessary to 
know whether or not material fails brittlely. 
The exact nature of this brittle failure is the 
subject of another t3rpe of investigation. 

N. A. Ziegler,* Chicago, HI. — ^AU the 
theory 'and conclusions of this paper are based 
on relatively slow speeds, used in conventional 
impact testing. It is known, however, that 
with high-velocity impact the mechanism of 
fracturing is different. For example, with slow 
speed of impact, the specimen must be sup- 
ported on some suitable device before it can 
be fractured; when the speed of impact in- 
creases beyond a certain value, a specimen 
can be fractured by its own inertia, without 
any support at all. I would be interested to 
know whether the conclusions of this paper 
apply to such conditions. 

J. H. Hollomon. — It is believed that the 
principles presented in this paper apply to 
fracture over the entire range of strain rates. 
At very high velocities of impact, other factors, 
such as the propagation of plastic deformation, 
may contribute to further complication. It is 
necessary, of course, in any interpretation of 
the notched-bar test to know approximately 
the strain rate at the base of the notch. When 
the specimens are broken, at very high veloc- 
ities, a relatively exact estimate of the strain 
rate may not be possible. 

F. G. TATNALLjt Eddystone, Pa. — Impact 
is one of the mystery men of physical testing. 

* Crane Company. 

t Baldwin Locomotive Works. 
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A great many people have condemned the im- 
pact test as being vague and elusive. Captain 
Hollomon is doing much to bring it out into the 
open and make it a useful yardstick. 

He says that the material above the notch 
has some tensile stress in it. It was my under- 
standing generally that that region was-prac- 
tically unstressed longitudinally and hence 
was acting/only as a lateral restraint. In other 
words, if an orjdinary tensile test is made on an 
unnotched machined specimen, this test does 
not reproduce conditions in a welded ship 
plate, because when a ship plate is subjected 
to tensile load it cannot contract laterally in 
accordance with Poisson’s ratio, being re- 
strained by the surrounding material. 

It looks to me as though the notched-bar 
impact tensile test is intended to reproduce 
the restraint suffered by a material when it is 
part of a structure. 

I read a recent article by Dr. Krivobok, 
which concludes that until we study impact 
as a tensile test with lateral restraint we do 
not fully understand it. 

For instance, Dr. MacGregor, at M.I.T., 
has said that the only real difference between 
static tensile test and a notched-bar impact 
tensile test is the notch. Is that right, Captain 
Hollomon? 

J. H. Hollomon. — ^In order to answer Mr. 
Tatnall’s questions, it is desirable to reword 
them: 

1. What is the difference between the tensile 
test and the notched-bar impact test? 

2. Is it correct that the only difference 
between these two tests is the principles of a 
transverse constraint? 

These two questions present an opportunity 
for discussion of the mechanical testing of 
metals that may serve to darifv some of its 
aspects. 

Only certain fundamental variables must 
be considered in determining the mechanical 
behavior of metals. Plastic flow and rupture 
are functions of the strain rate, temperature, 
stress distribution and prior history. Ite latter 
indudes both the structure of the metal under 
consideration and the degree and effect of any 
prior deformation. These variables are mter- 
related. The effect of strain rate on, say, the 
yield strength of two metals may be different 
if their structures are different. In any attempt 


to correlate the behavior of metals in different 
tests, the difference of the magnitude of these 
variables is of primary importance. 

In cornpaiing the tensile test with the 
notched-bar impact test, two of these variables 
are different. The material at the base of the 
notch is essentially constrained from the 
transverse contraction and a transverse tensile 
stress induced, and the strain rate at the base 
of the notch is greater than is usually employed 
in the tensile test. Furthermore, the notched- 
bar test is frequently conducted at tempera- 
tures other than room temperature. If the 
effect of these three variables on the stress 
required for plastic flow and the stress required 
for fracture are fully understood, it is possible 
to correlate the behavior of metals in these 
two t3rpes of tests. 

In these two tests, the primary difference 
arises from the presence of a transverse stress, 
and it is the effect of this transverse stress on 
the plastic flow and fracture that is of funda- 
mental importance to the understanding of 
the notched-bar impact test. The effect of 
the strain rate is relatively minor. 

B. F. Shephekd,* Phillipsburg, N. J . — ^Just 
something in the nature of a general statement: 
The experts in mechanical testing appear to 
have the practice of defining structure by stat- 
ing the method of quenching or tempering, 
which, after all, is a very vague way of stating 
the thing in which we are primarily interested; 
that is, metallographic structure. If the investi- 
gators would state the actual structure as 
quenched or quenched and tempered they 
would cover everything — quenching, medium 
and everything else. It would mean a little 
more than just to state that it is quenched and 
tempered or air-cooled. Quenching is. only a 
means of controlling the transformation rate, 
which, of course, produces the final structure. 

J. H. Hollomon. — Mr. Shepherd’s point is 
very well taken. The photomicrographs of the 
steels used for these experiments have been pre- 
sented in another paper. The water-quenched 
and tempered specimens consist of tempered 
martensite, the air-cooled and tempered speci- 
mens consist of proeutectoid ferrite and pearlite 
(the carbides of which were slightly spheroid- 
ized during the tempering treatment). 

* IngersoU Rand Company. 
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E. F. PoNCELET. — should like to ask 
another question. I believe this paper relates 
only to fractures starting in the notch. That 
means that only what I would call very slow 
impact is considered. On fast enough impact 
the pressure wave has no time to generate the 
stress in the notch while the impact is in 
progress; and quite a different t3q)e of cracks 
and fractures develops The stresses involved 
are given by the formula of Hertz. These 
fractures start on the compression side and 
form the ** percussion cone.” I do not know 
enough about when and how this t3rpe of 
fracture occurs and am interested in learning 
more about it. This type of fracture is entirdy 
different from the t3q)e of impact fractures 
caused by what might be called slow im- 
pact. Are there any data about those things 
available? 

J. H. Hollomon. — The subject that Dr. 
Poncdet brings up is much too involved to 
discuss at this time. I should like to say that 
this phenomenon enters the problem for only 
eztremdy high vdodties of impact and 
has little importance to the problem imder 
discussion. 

G. L. Cox,* Watertown, Mass. — I want to 
emphasize one thing. We at the Arsenal have 
been stud3dng the problem of the effect of high 
rates of loading on the properties of materials 
for some time, largdy because most applica- 
tions with which we are concerned deal with 
high strain rates. 

In the middle 1930 % H. C. Mann built 
a variable-velodty impact machine to work 
on this problem. He observed some rather 
phenomenal things, as most of you know, as 
he raised the vdodty. The order of vdodty 
with the machine was considerably higher than 
that of the standard Charpy test; however, 
even then the machine was incapable of 
reaching vdodties as high as are often encoun- 
tered, as, for example, the attack of a pro- 
jectile on a piece of armor. 

We all know that if the temperature is 
lowered, steels may become brittle at the low 
temperatures. There is some evidence available 
in the fairly recent work of other investigators 
that increasing the strain rate also tends to 
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make a material more brittle. Maybe these 
two phenomena are all we know, and maybe 
not. We have turned this problem over to 
some of the research workers at Watertown 
Arsenal, and we think they have done some 
pretty good work. However, the accomplish- 
ments so far apparently are not complete 
and may be “full of holes.” I was hoping to 
hear at this meeting some discussion as to the 
limitations of our thinking and that certain 
qualified people would express their thoughts 
in the matter to such an extent that we could 
be guided in our future efforts. 

Somewhat as a premise to our thinking, we 
know that as the temperature is lowered the 
tensile properties of sted are raised. Also, if 
the strain rate is increased, the tensile strength, 
particularly yidd, is increased. 

Those two considerations may not be 
paralld. They may have only an incidental 
empirical relationship to each other. In fact, 
I have used the corollary that we can establish 
a relationship between the life of automobile 
tires and the speed at which the car is driven, 
and we can also establish a relationship between 
the life of these tires and the roughness of the 
road — but what is the relationship between 
the speed of the car and the roughness of the 
road? 

If there, is any relationship between speed of 
testing and lowering the temperature, cer- 
tainly it is easier to lower the temperature than 
to increase the speed within the limits in which 
we are interested. 

I hope that out of this research we may 
obtain a new concept of how to view the 
intrinsic behavior of a piece of metal when it is 
subjected tb deformation at extremdy high 
rates of loading. 

J. H. Hollomon. — The question Colond 
Cox has introduced concerned us a great deal 
during the early stages of the research of which 
this paper is a partial report. There is con- 
siderable evidence, however, that the effects 
of strain ratp and temperature when properly 
considered are equivalent. Carpenter and 
Robertson*’ suggested a qualitative relationship 
between the two variables several years ago. 
Dr. Zener and I attempted to determine 
whether or not this rdationship was quanti- 

H. Carpenter and T. M. Robertson: Metals, 
I, England, X 939 > Oxford Univ. Press. 
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tative, and we believe that it is. The relation- 
ship between the effects of strain rate and 
temperature is similar to a relationship between 
the changes of pressure and volume in an ideal 
gas. The nature of the relationship between 
pressure, volume and temperature of an ideal 
gas permits an infinite number of combinations 
of pressure and volume for a given temperature. 
The pressure for a given temperature varies 
reciprocally with the volume. In parallel 
fashion, for a given yield strength, the loga- 
rithm of the strain rate varies with a reciprocal 
of^ the absolute temperature. There is, in an 
analogous fashion, an infinite number of 
possible combinations of strain rate and 
temperature, which will produce the same yield 
strength. The relation between the strain rate 
and temperature has been discussed in the 
paper. The exact nature of the dependence of 
the mechanical properties on temperature is 
not important to this relationship. 

G. S.\CHS,* Cleveland, Ohio. — would like 
to emphasize the fact, which Dr. Poncelet has 
pointed out, that aU relations between temper- 
ature and speed can be valid only for speeds 
that are very slow in comparison with the 
propagation speed of elastic waves. ‘At very- 
high speeds, no simple relation between speed 
and impact energy can be expected. 

J. H. Hoilomon, — I should like to agree 
with Professor Sachs that this paper is con- 
cerned with speeds that are relatively slow 
compared with the speed of propagation of 
elastic waves in steel. However, it is believed 
that at least the qualitative relation between 
the effect of strain rate and temperature that 
has been proposed will be valid even at these 
higher rates of loading. 

S. L. HoYT,t Columbus, Ohio. — ^The author 
gives an important and timely discussion of 
the mechanics of a notched bar. A major point 
is the discussion of the respective roles of 
tiiaxial stress and stress concentrations, and 
the relief of the latter by a small amount of 
deformation at the root of the notch. The latter 
agrees nicely with opinions expressed by 
engineers that if the metal at the notch can 
deform by i to 2 per cent, any stress concen- 
tration from geometry is dinunated. 

* Case School of Applied Science. 

t Battdle Memorim Institute. 


It seems to the writer that therein is a major 
reason for testing notched bars statically, so 
that a full stress-strain diagram can be ob- 
tained. The relatively small amount of quan- 
titative testing that has been done indicates 
that there are important differences in be- 
havior, which show up directly or soon after 
bending starts, resulting either in an early 
crack of a brittle t3T>e or a late crack of a 
more ductile type. This suggests the desirability 
of separating the behavior during test into 
two steps, the first being the early elastic 
deformation and the second, subsequent 
plastic deformation. 

During the former, the stress concentration 
is present and must be significant. It would 
appear to the writer that this stress concen- 
tration has an important bearing on the 
behavior, either (i) the opening of a crack, or 
(2) as the alternate behavior, the initiating of 
the plastic deformation which lowers the stress 
concentration. 

During the second stage of the test an 
analysis of the situation would require a 
running summary which would integrate the 
effects of the now modified geometry and 
'stress system, and the altered cohesive and 
flow strengths of the steel. This subdivision of 
the behavior of a notched bar appears to be 
sound and correct, possibly necessary to its 
proper understanding. 

For notched-bar testing as commonly prac- 
ticed, the above is probably not of much 
significance, since the bars usually break in a 
ductile fashion with high energy values 
However, the test becomes truly revealing of 
notch sensitivity or notch toughness when the 
conditions are determioed that show the change 
from ductile to brittle behavior, the “match” 
point discussed in reference.*® The writer would 
like to see this point emphasized for notched- 
bar testing, since it seems important to ascer- 
tain the level of notch toughness in terms of 
notch geometry, temperature, and rate of 
strain, which limit ductile behavior. As a 
compromise or simplification, the double-width 
Charpy bar has been found to be useful by- 
checking the steel under an additional degree 
of restraint, while the use of temperature as a 
variable is likewise helpful. 

*• S. L. Ho3rt: Notched Bar Testing and 
Impact Testing. Trans. A.S.T.M. (1938) 38, 
II, 162. 
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J. H. Hollomon. — ^Dr. Hoyt emphasizes 
that the fracture of a notched bar in impact 
consists of two phases: (i) the behavior of the 
material at the base of the preformed notch 
and (2) the behavior of the material at the 
base of the continuously changing forming 
crack. To understand completely the nature 
of the notched-bar impact fractures, the con- 
ditions surrounding these two phases of fracture 
must be completely understood. The tem- 
perature at which completely brittle failure 
occurs, however, is controlled by the preformed 


notch. Quantitative information concerning the 
transition from ductile to brittle failure, there- 
fore, can be obtained without a knowledge of 
the exact nature of the crack that progresses 
across the specimen. It is the conditions sur- 
roundmg this transition from ductile to brittle 
failure that are of the greatest importance. 
The author does not believe that much informa- 
tion can be gamed from testing double-width 
Charpy bars which cannot be obtained directly 
from any given standard test bar. 



Hardness Measurement sis a Rapid Means 
for Determining Carbon Content of Carbon and Low-alloy Steels 

Bv K. L. CiAJiK* ANT Nicholas Kowall* 

(Nev»- York Meeting, February 1044) 


Maximum furnace efficiency and dose 
control of final steel composition demand 
that the steel melter be able to follow 
dosely the variations in the carbon content 
of the bath. 

For many years, the fracture test has 
been used by melters for estimating carbon, 
because it requires only a very short time 
to pour a sample into a chill mold, cool it 
in water, breah it with a sledge hammer, 
and observe the fracture. After long 
experience gained from the observation of 
such fractures, most melters are able to 
estimate the carbon content of steel with 
amazing accuracy, particularly in the 
lower carbon ranges. 

Notwithstanding the utility of the frac- 
ture test, there has been widespread inter- 
est in other methods for rapid carbon 
determination to supplement it and to 
ensure against possible errors in human 
judgment. Several methods, based upon 
measurement of magnetic properties as 
functions of carbon content, have been 
described in the literature^”® and have been 
found to give reasonably reliable results 
in plant practice when scrap composition 
is known and controlled. 

A difficulty encountered in the use of 
analyzers of the magnetic type is that 
alloying elements do change the relation- 
ship between carbon content and magnetic 
properties and it becomes necessary to 

Published by permission of the Navy 
Department. Manuscript received at the office 
of the Institute Nov. 36, 1943. Issued as T.P. 
z6Si in Metals Technology, January, 1044. 

* Division of Physical Metallurgry, Xf. S. 
Naval Research Laboratory, Anacostia Station, 
Washin^on, D. C. 

^ References are at the end of the paper. 


establish calibration curves for all the 
expected combinations of alloy residuals 
that are not oxidized in the bath. The work 
reported here is of an investigation of a 
method that is independent of allo3dng 
elements normally present in constructional 
steels, being based upon the relatively well- 
known fact that in plain carbon and low- 
alloy steels martensitic hardness is a func- 
tion of carbon content alone. 

Work of Other Investigators 

In 1938, Bums, Moore and Archer pub- 
lished a curve^ that showed that the hard- 
ness of martensite is a function of carbon 
from o.io to 0.30 per cent and is inde- 
pendent of grain size or alloy content, at 
least within the range found in construc- 
tional S.A.E. compositions. Some of the 
deeper hardening types investigated, how- 
ever, contained carbon to a maximum of 
only 0.20 per cent. 

Using this principle, Kem® developed a 
method of rapid carbon determination for 
S.A.E. 43XX steels. His procedure consisted 
of chill-casting a test bar that was large 
enough to give a surface that could be pre- 
pared for BrineU indentations. The test 
piece was quenched immediately after solidi 
fication was complete and hardness readings 
were taken, so that the carbon content could 
be read from an experimentally determined 
curve giving the relationship between 
as-quenched hardness and carbon. 

Experimentax Work 

Although Kern’s work had been done 
with a relativdy deep-hardening steel, it 
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appeared that, with certain modifications, 
the method could be made applicable to 
carbon steels and to the shallow-hardening 
alloy steels as well as the deeper hardening 
alloy types. In order to assure reasonably 
complete hardening in as many types of 
steeLas possible, it was necessary to reduce 
the test piece to minimum dimensions 
compatible with ease of handling and 
accuracy of hardness measurement. A 
specimen having a diameter of K in* was 
found suitable provided the Rockwell test 
was used to measure hardness. 

The technique involved in sampling and 
testing is as follows: A sample is removed 
from the bath in a small, well-slagged 
spoon. The slag is skimmed of and the 
metal deoxidized with an excess of alumi- 
num, to prevent porosity. The sample is 
then poured into a runner cup centered 
over the cavity of the chill mold shown in 
Fig. I. Since solidification occurs very 
rapidly, the runner cup is knocked to one 
side immediately and the mold is sprung 
apart by means of beaker tongs welded to 
the mold halves (Fig. 2). The hot test 
piece (estimated to be at 2ooo®F.) is 
quenched in a pail of agitated ice water. 
A sample in the form of a short cylinder 
is taken from the thin section by making 
parallel transverse cuts, approximately 
in. apart, with a water-cooled abrasive cut- 
off wheel. The burrs are ground from the 
edges of the parallel faces and three or 
four Rockwell readings are taken midway 
between center and outside on one of the 
cut surfaces. The carbon content is then 
read from a curve of as-quenched hardness 
and carbon content previously determined 
by the combustion method. The entire 
procedure requires approximately two 
minutes. 

Although the method is simple, certain 
precautions are necessary to ensure reliable 
results: 

t. It is essential that the test piece be 
released rapidly from the mold into the 
quenching bath. Otherwise its temperature 


may be lowered to a point where incom- 
plete hardening will result from the quench. 

2. During cutting, a stream of coolant 
must be directed upon the abrasive wheel 



Fig. 1. — Split chill mold. 

Material ij^-inch round cold-rolled steel. 

and the specimen, to prevent tempering. 
Submerged cutting is preferred, 

3. Usual precautions regarding hardness 
testing must be observed. Of the conditions 
that may cause erroneous hardness read- 
ings, most act to cause low readings. It is 
advisable to take the highest Rockwell 
reading if variation occurs in any one 
sample. Frequent checks on the calibration 
of the machine should be made by means 
of standard hardness blocks. 

Fig. 3 is a curve plotted from the data 
obtained by taking samples from more than 
60 induction-fumace steel heats. Hardness 
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measurements were made in the manner 
described and, in each case, metal from 
the sampling spoon was analyzed for carbon 
by the combustion method to establish the 


The size of specimen and conditions of 
quenching must be standardized in order 
that reproducible, quantitative results 
may be obtained. It is believed that the 



Fio. 2 . — Mold assembly and test piece, natural size. 


calibration. The steel compositions upon 
which this curve was based included car- 
bon, medium manganese, medium man- 
ganese-molybdenum, copper, and various 
unclassified low-alloy steels (containing 
nickel to a maximum of about 0.50 per cent, 
chromium in varying quantities to about 
the same maximum, and combinations of 
the two with and without molybdenum). 
No attempt was made to segregate the 
steels into alloy types; all values were 
plotted on the same curve 

Discussion of Results 

The points show very little scatter from 
the average curve. The mean deviatioii is 
less than 0.0 1 per cent carbon and only a 
few points fall beyond 0.02 per cent carbon 
within the range indicated. 

For purposes of comparison, Kern's data 
were converted from Brinell to Rockwell C* 
and plotted on the same coordinates (Fig, 
4). The spread between the two curves is 
due probably to the difference in section 
size of the test pieces and possibly to the 
variations that usually arise in converting 
hardness values from one scale to another. 
The hardness values obtained by Bums, 
Moore, and Ardier, also shown in Fig. 4, 
are considerably higher than those obtained 
by quenching the cast test pieces. 


J4-in. diameter specimen used in these 
experiments approaches the optimum size. 
The quenching practice employed appears 
satisfactory; it might be changed, however, 
to give different though reproducible 
values. In any case it is desirable to check 
the curve and technique carefully by 
laboratory control before attempting to 
adapt it to routine practice. 

It is to be emphasized that the carbon 
content cannot be determined by this 
method for steels that contain allo3dng 
elements in quantities sufiBicient tb cause 
appreciable amounts of austenite to be 
retained under the conditions of quench 
stipulated. 

Conclusions 

The method described is considered to 
be a satisfactory shop method for carbon 
control during melting of plain carbon and 
low-alloy steels, for several reasons: 

1. Results are reproducible and suffi- 
ciently accurate. 

2 . Testing procedure is rapid. 

3. Simplicity of the metiiod makes it 
possible to train unskilled personnel readily. 

4. The calibration of the hardness-test- 
ing equipment can be checked easily and 
quickly. 
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5. Alloying elements in the low-alloy 
steels do not affect the determination; in 
fact, it can be said that they are beneficial, 
since they increase hardenability. 
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DISCUSSION 
(F. B. Foley presiding) 

N. C. Fick,* Columbus, Ohio. — ^We are in 
igreement with the authors that a rapid, 

* Battelle Memorial Institute. 


practical test such as they propose will be of 
considerable value to the steel melter who must 
follow closely the variations in carbon content 
of the bath. The authors obtained their sped- 
mens by use of a chill mold, and that sectioning 
was a necessary prerequisite to hardness 
testing. By using an aspirator bulb and length 
of glass tubing, we have been able to obtain a 
test specimen so uniform and smooth that 
satisfactory Rockwell readings can be taken 
directly on the surface. 

The bulb is released at the moment the tube 
is dipped into the deoxidized metal and the 
unit is immediately quenched into an iced 
brine bath. Since a part of the glass remains 
on the spedmen and serves as an insulator 
between the metal and the quenching bath, 
it is necessary to record as the maximum 
Rockwell hardness the highest readings ob- 
tained, which are found, of course, where the 
glass immediately broke away from the 
spedmen when quenched. Cross-section hard- 
ness readings of spedmens both as quenched 
from the glass tube and as reheated and 
quenched from 2ooo°F. were nearly identical 
to the surface hardness readings obtained 
during the original quench. 

With reference to Fig 4, the hardness values 
have fallen between the curves of Bums, Moore 
and Archer and those of the Naval Research 
Laboratory. For a 0.32 carbon steel, Bums, 
Moore and Archer obtained a Rockwell C 
hardness of 56.5, Battelle 55, Naval Research 
Laboratory 51.5, R, 0. Ream 50; for a 0.39 
carbon steel, the values are 59.5, 58.5, 56, and 
54, respectively. 

These observations have been made on a 
limited number of heats in the 0.30 to 0.40 
per cent carbon range and no final condusions 
with respect to possible extent of application 
can be reached until more data have been 
accumulated. 



Fracture and Comminution of Brittle Solids 


Bv Ettgene F. Poncelet* 
(New York Meeting, February 1944) 


Abstractt 

This paper attempts to analyze the 
phenomena involved in the fracture of 
brittle solids by simple compression. 

Glass squares standing on edge, and 
compressed between two parallel steel 
jaws, developed jagged fractures, roughly 
parallel to the compression. Polarized 
light disclosed the presence of high local 
stress concentrations indicating poor con- 
tact all along the contact surfaces with the 
steel jaws. Teszar has shown that partial 
contact between the jaws and such a 
compressed solid causes tensile stresses in 
the free surfaces of the solid normal to 
the compression. Furthermore, Scoble 
has shown that in brittle solids fractures 
are caused by, and develop normally to, a 
sufficient tensile stress. It follows that 
such “partial-contact” cracks must be 
expected. 

With optically flat jaws and specimens, 
no “partial-contact” cracks’ developed. 
Instead, very smooth cracks vertical to 
the compression appeared upon release of 
the pressure. Investigation showed that the 
friction with the rigid steel opposed the 
return of the glass to its original width, 
after creeping on the steel as compression 
built up, thus setting up tensile stresses 
in the glass surfaces. It was not found 
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possible to eliminate these “release” 
cracks. 

Compressed to destruction, such speci- 
mens flew to dust. A Microflash photograph 
taken during the explosive disintegration 
, revealed: (i) oblique parallel fragmentation 
cracks, 30° off the direction of the compres- 
sion; (2) transverse forking fragmentation 
cracks, normal to the former; (3) release 
cracks parallel to. the compression; (4) a 
disintegration cloud. 

Given a distribution of submicroscopic 
cracks of random orientation throughout 
the glass, Griffith has shown the highest 
tensile stresses to be located at the tip of 
the cracks 30° off the direction of the com- 
pression. Although the preexistence of such 
cracks or flaws in unstressed glass is doubt- 
ful, they can be generated by the distorting 
forces set up by the compression itself. 

Atoms, in a structure held together by 
Morse-type forces or bonds, have under 
tension both a stable and an unstable state 
of equilibrium. The difference in energy 
level between these two states is a function 
of the tension, and this difference must be 
borrowed from the thermal energy level 
of the bonds to reach the unstable state and 
result in a broken bond. As the fraction 
of the bonds having at any instant a suffi- 
cient thermal energy level is a known func- 
tion of that level, it is possible to determine, 
in function of the prevailing tension, the 
fraction of the bonds that are broken. 

Upon breaking of the bond uniting two 
atoms at the tip of an advancing crack, the 
two atoms accelerate away from each other, 
causing in the solid propagation of a 
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longitudinal pressure pulse normal to the 
crack plane on each side of the crack, and 
of a transverse pulse in the crack plane. 

Upon reaching the next bond ahead of 
the crack front, the transverse pulse raises 
the stress at that bond to the crack-tip 
tension. Were this crack- tip tension suffi- 
cient to break every bond as it is met, the 
crack front would advance at transverse 
wave velocity; as not all of them are 
broken, the average crack velocity is 
proportionately less. The crack velocity 
is consequently a function of the broken- 
bond frequency and consequently of the 
crack-tip tension. 

This crack velocity is essentially unstable 
and it accelerates or decelerates with such 
rapidity that a crack usually appears 
either moving at top velocity or standing 
still. This top velocity corresponds to such 
high stresses at the crack tip that broken 
bonds also appear in the vicinity of the tip 
obliquely to the crack plane, and open up 
deviating cracks. When viewed on edge, 
such cracks appear as forking- cracks. This 
phenomenon causes a diversion of energy 
from the crack front in different directions, 
thus effectively holding the crack-tip 
stresses — ^and with them the crack veloci- 
ties — ^below a top ceiling. 

The parallel longitudinal pressure pulses 
emanating from an advancing crack reflect 
at a free boundary as parallel tension pulses 
and as transverse pulses of the same direc- 
tion but of lesser velocity. It so happens 


that the reflected pulses from any first 
crack in the compressed specimen oriented 
30® off the compression are the only ones 
that could possibly have set off the oblique 
fragmentation cracks; also the transverse 
fragmentation cracks observed. 

The kick-back of energy, released in the 
shape of pressure pulses by the rupture of a 
bond at the tip of an advancing crack front, 
is the same on both sides of the crack. The 
concentration of pulse energy in the two 
fragments resulting from the crack is conse- 
quently inversely proportional to the 
volume of these fragments. It happens that 
the stress carried by their reflected pulses, 
required to produce further cracks in the 
fragments, is proportional to this pulse- 
energy concentration. The larger frag- 
ments, therefore, have less tendency than 
the smaller fragments to fracture further, 
and then eventually form residual particles 
unable to split further, while the smaller 
fragments repeat the process. These smaller 
fragments continue splitting up and throw- 
ing off residual particles of smaller and 
smaller size until the whole solid is reduced 
to a collection of residual particles, having 
a definite size distribution. 

The large amount of energy stored in 
the compressed specimen produced such 
high energy concentrations in all the frag- 
ments that residual particles were not 
formed before a very small size was reached 
and consequently appeared as a disintegra- 
tion cloud. 



The Influence of Various Elements upon the Position of the 
Eutectoid in the Iron-carbon (Carbide) System 

By Carl L. Shapiro* and Jerome Strauss,* Members A.I.M.E. 

(Chicago Meeting. October xs>43) 


This is a critical examination of the 
theory that the amount of carbon necessary 
to form the iron-carbon (fiorbide) eutectoid is 
lowered by the addition of any carbide-form- 
ing dement. Although this theory has been 
built up over a long period of years, it 
appears, in the light of recent published 
investigations upon the ternary constitu- 
tional diagrams of iron with carbon and 
other allo3ring elements, to b.e no longer 
tenable, A surv^ of these new results, 
summarized below, shows that (as is 
known) some metals lower the carbon 
content of the iron-carbon (carbide) eutec- 
toid, whereas others raise it, but (as not 
heretofore dearly set forth) some first 
move the eutectoid in one direction and 
then, at higher concentrations, shift it in 
the opposite direction. Moreover, these 
differences in behavior exist even among 
the common alloying metals dassed as 
carbide formers. 

PART I 

Influence op Body-centered Cubic 
Elements 

The effects of the various body-centered 
cubic metals (chromium, tungsten, molyb- 
denum, vanadium, columbium and tan- 
talum) are reviewed individually. 

Manuscript received at the office of the 
Institute July 2, ip 43 * Issued as T.P. 1646,' in 
Metals Technology, December 1943. 

* Vanadium Corporation of America, New 
York, N. Y. 

1 References are at the end of the paper. 


Iron-carbon-chromium System. — ^In the 
monograph on Alloys of Iron and Chro- 
mium, Elinzd and Crafts^ conduded that 
the carbon content of the eutectoid is 
lowered by increasing the chromium con- 
tent. The quantitative influence of chro- 
mium on the eutectoid point of iron-carbon 
alloys was shown by Monypenny* (Fig. i) 
and no data have been forthcoming to 
refute his findings. 

Iron-carbon-tungsten System. — Gregg,® in 
the monograph on Alloys of Iron and 
Tungsten, accepted the data showing that 
tungsten decreases the amount of carbon 
required to form the eutectoid. The in- 
fluence of tungsten on the eutectoid 
percentage of carbon as determined by 
Oberhoffer and Daeves^^ is shown in Fig. 2; 
these results have received general approval. 

Iron-carbon-molybdenum System. — ^In the 
monograph on Alloys of Iron and Molyb- 
denum, Gregg® reviewed the work of 
Guillet,® Swinden,^ and Reed,® all showing 
that molybdenum lowered the carbon con- 
tent of the eutectoid, whereas Takei* con- 
tradicted this conclusion. Svetchnikoff and 
Alferova,^® a little later, showed that large 
additions of molybdenum shift the eutec- 
toid to the right. These last-najpaed investi- 
gators found that molybdenum, up to 1.2 
per cent, shifts the pearhte point and the 
point of maximum solubility of cementite 
in the gamma phase only slightly in the 
direction of lower carbon content; on the 
other hand, increasing amounts of molyb- 
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denum above 1.2 per cent first results in a 
double carbide and then abruptly moves 
the pearlite and maximum cementite solu- 
bility points to higher carbon content; when 


changes with the amount of the element 
present; viz., (i) small amounts of molyb- 
denum dissolve in the ferrite and decrease 
the amount of carbon necessary to form 



Fig. I. — Influence op chromium on the eutectoid point. {Monypenny,^) 



Fig. 2.— Influence of tungsten on the eutectoid point. (jOherhoffer and Daeves.*) 


the molybdenum content has reached 10 
per cent, the eutectoid point is at 1.32 per 
cent carbon, with its cementite limit as 
1.83 per cent carbon. 

Thus, a summary of the effect of molyb- 
denum upon the eutectoid position seems 
to indicate a directional behavior that 


the eutectoid composition; (2) when a 
certain molybdenum content is added to 
iron-carbon a]lo3rs, a double molybdenum 
carbide is formed and the carbon content 
of the eutectoid from that concentration 
upward must be increased in order to com- 
pensate for carbon loss due to carbide 




CARL L. SHAPIRO AND JEROME STRAUSS 


337 


formation, so that the eutectoid position is Iron~carhon~tantaliim System^ — Gender 
shifted toward higher carbon content with and Harrison®® recently investigated the 
increasing proportions of molybdenum. effect of tantalum upon iron-carbon alloys. 
I ron-carh on-vanadium System,* — ^Al- Although no ternary equilibrium diagram 



Fig. 3. — ^iNPLTnENCE or vanadium on the eutectoid composition. 


though Reed,® Guillet,^^ Portevin,^® Gie- 
sen^® and Arnold and Read^* claimed that 
the amount of carbon required to produce 
the eutectoid structure is lowered by vana- 
dium, the recent researches of Oya,i® Vogel 
and Martin,^® Hougardy^^ and Wever, Rose 
and Eggers^® show the contrary; namely, 
that vanadium increases the amount of' 
carbon required to form the eutectoid per- 
centage instead of lowering it. This is 
indicated in Fig. 3, which is compiled 
from the ternary equilibrium diagrams 
of the four last mentioned investigations. 

Iron-carlon-columbium {Niohiurn) Sys- 
tem, — ^The iron-carbon-columbium ternary 
system has been recently investigated by 
Eggers and Peters.^® The effects of 0.2 to 
about 2.0 per cent columbium upon the 
iron-carbon (carbide) eutectoid are shown 
in Fig. 4. Eggers and Peters’ results indi- 
cate that columbium shifts the eutec- 
toid point to the right or higher carbon 
concentrations. 

* Abstracted from the forthcomixig mono- 
graph. ‘*The Alloys of Iron and Vanadittm.'* 


was constructed and columbium existed as 
an impurity in the tantalum, their results 
reveal definite indications. They stated that 
tantalum very markedly reduces the pro- 
portion of pearlite present and, if suflBcient 
tantalum is added, a hypereutectoid steel 
(containing 1.20 per cent carbon) will 
appear to be structurally similar to an 
ordinary 0.60 per cent carbon h3n3oeutec- 
toid steel; only 2.2 per cent tantalum is 
necessary to effect this change. High per- 
centages of tantalum, such as 18 per cent, 
will, according to these authors, remove all 
pearlite present even in a hypereutectoid 
steel of 1.20 per cent carbon. 

These results indicate that tantalum 
very effectively combines with' carbon and 
shifts the eutectoid to higher carbon 
concentrations. 

Summary. — Consideration of all avail- 
able data thus shows definitdy that the 
theory that all body-centered cubic carbide- 
forming elements shift the eutectoid point 
to lower carbon contents is not valid. The 
only body-centered cubic carbide-forming 
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elements that shift the eutectoid to the 
left are chromium and tungsten, whereas 
vanadium, columbium and tantalum defi- 
nitely move it to the right, to^ ard increas- 



N/ob;um, per cent 

Ftg. 4. — Influence of columbium on tee 
EUTECTOID POINT. {Eggers and PeUrs.^^) 


ing carbon content. Molybdenum can be 
classified as an intermediate element, since 
small proportions shift the eutectoid to the 
left and large amounts move the eutectoid 
composition to the right. 

These conclusions are illustrated by the 
following diagram: 

Ejfed of Body-centered Cubic Elements upon the 
Eutectoid Position 

Ikcrbasbs Carbon Dbcrbasbs Carbon 
Content Content 

< Molybdenum ► 

Vanadium Chromium 

Columbium Tungsten 

Tantalum 


PART II 

Influence of Other Alloying 
Elements 

In part I of this critique, the influence 
of the body-centered cubic metals upon 
the eutectoid position was discussed. This 
section summarizes the existing informa- 
tion on the effects of other common alloy- 
ing elements upon the eutectoid position. 
The results, in part I, are taken from the 
latest published ternary constitutional 
diagrams. 

Iron-carbon-aluminum System, — Ldhberg 
and Schmidt*' summarized all the existing 
work upon the iron-carbon-aJuminum con- 
stitutional diagram prior to their investiga- 
tion of this system. Although many points 
are in doubt, all investigators seem to agree 
that increasing percentages of aluminum 
shift the eutectoid position toward higher 
carbon contents. 

I ron-carbon-beryllium System , — Gaj ew 
and Ssokolow** investigated the iron-rich 
section of the iron-carbon-beryllium sys- 
tem, T'heir results, approximated in Fig. 5 
from their diagrams, reveal that beryllium 
moves the eutectoid position to the right. 

Iron-carbofhcobalt System.— ^Vogel and 
Sundermann** studied the ternary system 
of iron-carbon-cobalt. The effect of cobalt 
upon the position of the iron-carbon (car- 
bide) eutectoid is shown in Fig. 6, which 
was approximated from their data on this 
system. These results disclose that increas- 
ing amounts of cobalt shift the eutectoid 
position to the left, or in the direction of 
decreasing carbon content. 

Iron-carbon-copper System. — Although 
the iron-carbon-copper ternary constitu- 
tional diagram is imperfectly surveyed, the 
results as recorded by Gregg and Daniloff*^ 
indicate that the effect of copper upon the 
eutectoid position is to shift it toward 
lower carbon contents. 

Iron-carbon-manganese System. — ^Bain, 
Davenport and Waring** determined the 
influence of manganese upon the eutectoid 
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position. Their data, reproduced as Fig. 7, lowers the carbon content of the eutectoid 
indicate that increasing percentages of (Fig. 9). 

manganese progressively lower the iron- Iron-carhon-iitanitim System . — Tofaute 
carbon ('carbide) eutectoid composition. and Buttinghaus*® studied the iron-rich 



Fig. 7- — Carbon content of eutectoid as a function of manganese content. 

Davenport and Waring,*^) 



Fro. 8. — Variation with iuckel content of the line op twopold saturation orioinatino in 

THE IRON-CARBON EUTECTOID. (AfowA.*®) 


Iron-carbon-nickel System, — ^Marsh*® has 
summarized the exislmg information on 
the iron-carbon-rdckel constitutional dia- 
gram. According to Fig. 8, nickel decreases 
the carbon content of the iron-carbon 
(carbide) eutectoid. 

Iron-carbon-sil icon System. — Greiner, 
Marsh and Stoughton®^ show that silicon 


section of the ternary iron-carbon-titanium 
constitutional diagram. Their equilibrium 
results are approidmated in Fig. 10 and 
indicate that titanium increases the carbon 
content of the eutectoid. 

’ Ifon-cofbofirzirconium System , — ^Vogd 
and LChberg*® investigated the iron-carbon- 
zirconium ternary system. Fig. ii, which is 




CARL L. SHAPIRO AND JEROME STRAUSS 


34T 


approximated from Vogel and L6hberg*s Summary , — ^The influence of various 

data, shows that the carbon content of the alloying elements, other than the body- 



Fig 9. — ErFECT or silicon on eutecioid point. (Greiner y Marsh and Stoughton ”) 



Fig. 10. — ^Iotluence op titanium upon the eutectoid position. (TofatOe and BuUingham,^^) 

iron-carbon (carbide) eutectoid increases centered cubic metals, upon the position of 
progressively with zlrcomum. the iron-carbon (carbide) eutectoid has 
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been briefly set forth in the foregoing. These 
effects are summarized in Table i. 


Table i . — Effect of Some Alloying Elements 

upon the Eutectoid Position 
Increases Carbon Decreases Carbon 
Content Content 

Aluminum Cobalt 

Beryllium Copper 

Titanium Manganese 

Zirconium Nickel 

Silicon 


PART III 

A Proposed Theory to Explain the 
Influence of Various Elements 
UPON THE Eutectoid Position 

Since no adequate explanation could be 
advanced in support of the earher theory, 


Table 2. — Effect of Various Alloying 
Elements upon the Carbon Content of 
the Iron-carbon {Carbide) Eutectoid 


Moves Eutectoid 
to Right 

Moves Eutectoid 
to Left 

Moves Eutectoid 
to Left then 
Right 

Aluminum 

Chromium 

Molybdenum 

Beryllium 

Ckibalt 


Columbium 

Copper 


Tantalum 

Manganese 


Titanium 

Nickm 


Vanadium 

Silicon 


Zirconium 

Tungsten 



one is now presented which explains the 
mechanism by which various elements alter 
the eutectoid position. As a basis for this 
explanation, the published ^ects of the 


various elements upon the position of the 
iron-carbon (carbide) eutectoid, which were 
discussed in parts I and II, are compiled 
in Table 2. Inasmuch as the majority of 
the elements listed in lable 2 are known 
carbide formers, the ternary constitutional 
diagrams of all of these elements were sur- 
veyed for carbide formations. The results 
obtained are given in Table 3. Since this 
table shows that some of the elements that 
move the eutectoid to the left are non-car- 
bide-forming while the remainder in this 
group (middle column, Table 3) are carbide 
formers, the ternary equilibrium diagrams 
of these elements were again examined. 

The ternary iron-carbon-chromium con- 
stitutional diagrams by Tofaute, Sponheuer 
and Bennek,*® and Tofaute, Kuttner and 
Buttinghaus*^ show that, at rather high 
chromium contents, a peritecto-eutectoid* 
reaction replaces the eutectoid reaction. 
The effect of increasing chromium content 
upon the position of the peritecto-eutectoid 
reaction is shown in Fig. 12, which is com- 
piled from their ternary sectional diagrams. 
These results disclose a linear relationship 
between carbide formation and peritecto- 
eutectoid position, as was previously shown 
in Fig. 3, presenting the influence of vana- 
dium upon the eutectoid position. Con- 

* For a description of the sense in which 
the authors have employed this term, see 
appendix A. 


Table 3 . — Inittal Classification of Alloying Elements Based upon Reported Effects on the 

EutecUnd 


Moves Eutectoid ' 
to Ris^ 

Carbides 

Moves Eutectoid 
to Left 

Carbides 

Moves Eutectoid 
to Left then 
Right 

(Abides 

Aluminum 

Beryllium 

Columbium 

Tantalum 

Titanium 

Vanadium 

Zirconium 

CAliC,) 

(BeiQ 

(CbiC^CChC) 

TaC 

TiC 

<VC) 

Chrozniuzn. .... 

Cobalt 

Copper 

Manganese. ... 

Niclad 

Silicon 

Tungsten 

((Pe, CrlrCi). ((Pe. Cr)iC)» 

none 

none 

(CPe, Mn),C). ((Mn. FeliC), 
^n, Fe)7C^ 

((Pe, Ni),C)* 
none (?)^ 

C(Pe. W)eC), (WO* 

Molybdenum. . . 

(«). (ay 


* Compositioxi of carbides varies with chromium concentratioiis. 
fr.^mpositioii of carbides varies with Mn concentrations (Wdls»»). 

* Waterhcmse.“ 

* Composition of con^lex compound undetermined. 

product of either or both tungsten-bearing cementite and the ternary comi>ound ((Pe, 

rum double carbides of Pe and Mo; 0 - MoiC, which is capable of dissolving Pe and Mo (Gregg*). 
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Zirconium, per cent 

Fig. II.— Influence or zirconium upon the eutectoid position. {Vogel and Ldhberg.*^) 



Chromium, percent 

Fig. 12 , — ^InPLI^CE of CHROHZnM upon the eutectoid and peritecto-eutectoid positions. 
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sequently, it may be stated that in the The ternary constitutional diagrams, 
t ernary iron-carbon-chromium system chro- including manganese, nickel and other 
mium first lowers the carbon content of the metals with iron and carbon, respectively, 
eutectoid and, after forming definite are also very incomplete. If it is assumed 



Alloying elements, percent 


Fig. 13. — Eitect of Bony-CENTEaED-cuBic elements on eutectoid composition. * 


carbides, the eutectoid reaction becomes a 
peritecto-eutectoid reaction and is moved 
linearly to higher carbon contents with 
increasing chromium content. 

Since the incomplete iron-carbon-tung- 
sten ternary diagram does not offer definite 
data to plot the peritecto-eutectoid reaction 
that exists within this system, some perti- 
nent summaries of Takeda’s work** by 
Gregg* are presented below to illustrate 
the possible similarity of the behavior to 
that in the iron-carbon-chromium sjrstem; 

The curve — ^i.e., the intersection of the 

A* and A» surfaces — ^is raised with the in- 
creased tungsten content up to i33S®C. 
(peritecto-eutectic point) at la per cent tung- 
sten, 0.33 per cent carbon. The carbon content 
in this eutectoid composition decreases with 
the addition of tungsten and becomes 0.2 
per cent at 4 to s per cent tungsten, beyond 
which it increases. 

The range consisting of the alpha, delta 
and eta phases exists in temperature ranges 
below 73S®C. Cr3S5®F.) at which a peritecto- 
eutectoid reaction, 7 + n a -1- takes 
place. This composition range shifts toward 
the higher carbon side as the tungsten content 
increases. 


that definite carbides exist within these 
systems, peritecto-eutectoid reactions must 
occur 'and the positions of these reactions 
must be moved linearly toward higher 
carbon content with increased alloying. 

Table 4 reclassifies the various elements 
based upon these assumptions plus the 
limited data available. According to these 
and Fig. 13, there are four classes of 
elements: 

Class I. Elements that progressively 
increase the carbon content of the eutectoid 
composition and widen the ferrite field. 

Class II. Elements that progressively 
decrease the carbon content of eutectoid 
composition and narrow the ferrite field. 

Class ni. Elements that, up to a certain 
concentration, first decrease the carbon 
content of the eutectoid composition and 
narrow the ferrite field and, beyond this 
concentration, raise the carbon content of 
the eutectoid composition and enlarge the 
ferrite field. 

Class IV. Elements that, up to a certain 
concentration, first raise the carbon content 
of the eutectoid composition and enlarge 
the ferrite field, and, beyond this concen- 
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tration, lower the eutectoid composition carbon, Fig. 14 presents the calculated 
and restrict the ferrite field. eutectoid composition of a carbon steel 

Elements of class I are strong carbide containing various amounts of vanadium 
formers and appear to have a greater without taJdng into consideration the very 
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Fig. 14. — ^Intluence or vanadium on eutectoid composition. 


aflinity for carbon than does iron. Conse- 
quently, these elements will first combine 
with the amount of carbon required to ful- 
fill the composition of their respective 
carbides before iron can form cementite. 
As a result of this primary carbide forma- 
tion, the amount of carbon remaining to 
form cementite or pearlite is reduced and, 
for any constant carbon content, the 
increase in ferrite or decrease in cementite 
is almost proportional to the amount of 
allo3dng dement. In other words, in order 
to produce a eutectoid sted containing any 
dement of dass I, the carbon content of 
plain carbon steel must be increased by 
exactly the same amount that the element 
requires to form its respective carbide or 
carbides. This additional amount of carbon 
can be easily calculated if the composition 
of the carbide or carbides and the solubility 
of the dass 1 element in ferrite* is known. 

As a specific instance, if it is assumed 
that the eutectoid is at 0.85 per cent 

* By this is meant, not the solubility in 
the absence of carbon but the solubility 
of the carbide of the element at the eutectoid 
temperature. 


slight solubility of vanadium or vanadium 
carbide in iron. 

Any great deviation between the ob- 
served and calculated eutectoid lines of 
class I dements indicates the presence of 
another carbide richer or poorer in carbon 
content, depending upon whether the cal- 
culated carbon percentage of the eutectoid 
is higher or lower than the observed results. 
Class I dements do not enter into true 
eutectoid reactions, but rather peritecto- 
eutectoid reactions. As soon as any element 
of class I forms a definite carbide, which 
exists in equilibrium with austenite above 
the gamma— ^ alpha transformation tem- 
perature, the eutectoid reaction 

'yFe ^ otFe + FesC 
becomes peritecto-eutedtoid 
yFe* + XyCit ^ ceFe + Fe*C + XyCg 

Elements of dass IT possess a greater, 
afiSnity for iron than for carbon. These 

♦ Solid solution of carbon, with or without 
the alloying element, in austenite. 

t Compound of alloying dement and carbon 
with or without iron. 
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elements of class II form varying solid 
solutions with iron and carbon and do not 
form any definite carbides with carbon 
alone or with iron and carbon. If class II 
elements formed carbides of any descrip- 
tion, they would automatically in some 
composition range undergo a peritecto- 
cutectoid reaction which would tend to 
shift the eutectoid (peritecto-eutectoid) to 
the right and thereby they would be classi- 
fied as class III elements instead of class II. 
Whether or not such a reaction would shift 
the position of the eutectoid (peritecto- 
eutectoid) to a higher carbon content than 
that of the iron-carbon (carbide) eutectoid 
is inconsequential in this discussion. 

Elements of class III partahe of the 
behavior of classes H and I in this order. 
These elements, according to their con- 
stitutional diagrams, first restrict the 
solubility of carbon in gamma iron and, on 
subsequent cooling below the temperature 
of initial alpha-iron formation, the carbon 
content of the iron-carbon (carbide) eutec- 
toid is not proportional to the amount of 
alloying element but decreases asymmet- 
rically in relation to the alloying element 
content. This latter observation is illus- 
trated in the various diagrams presented 
(Figs. I, 2 and 7), which show the effect of 
alloying upon the eutectoid position. The 
reason for this decrease in percentage of 
alloying element per per cent carbon may 
lie in the formation of double carbides, 
which vary in their content of iron, carbon 
and alloying element. The carbide com- 
positions first formed are rich in iron and 
poor in alloying element and, as the per- 
centage of alloying element increases, the 
carbides become proportionately richer in 
allo3mg element until the double carbide 
of iron, carbon and alloying element either 
disappears to form an iron-free carbide 
(alloying element plus carbon) or a low- 
iron, high-alloying-element carbide. 

Elements of class IV theoretically should 
first respond as class I and then as class n. 
The mechanism is the same as that of 


class III, but in reverse. Although this type 
of reaction does not seem to occur in any 
of the ternary constitutional diagrams of 
iron and carbon with a third element, it 
seems possible that such a reaction may 
conceivably occur in other t3q)es (non- 
ferrous) of ternary diagrams where com- 
pounds apparently have decreasing and 
increasing solubility ranges.* 

This explanation of the increase or 
decrease in the carbon content of the iron- 
carbon (carbide) eutectoid by alloying 
encompasses all allo5dng elements in steel 
regardless of their lattice structure. The 
effects, as distinguishing the several classes, 
are shown graphically in Fig. 15. Whenever 
two or more elements of the various classes 
are alloyed, the sum total of their effects 
cannot usually be deduced by combining 
their individual influences, but most likely 
will be in the direction of the stronger 
element or in the direction of the element 
that is present in the greatest concentra- 
tion. It may also be possible that, when 
elements of various classes are employed 
together, their individual influences may 
be severely altered so that jointly they may 
respond in an entirely different manner. 

Conclusion 

From the evidence submitted in parts 
I and II of this paper, it is quite apparent 
that the alloying elements influence the 
iron-carbon (carbide) eutectoid in such 
manner as to classify them as follows: 

Class I. Elements that increase the car- 
bon content of the iron-carbon (carbide) 
eutectoid. These elements form definite 
carbides and the carbon content of the 
eutectoid (peritecto-eutectoid) increases 
almost proportionally to the amount of 
carbon required by these elements to ful- 
fill their structural formulas. 

* As indicated, no such condition is known in 
iron-rich systems of iron, carbon and third 
dements. The possibility of a condition of this 
type, however, may be present on the alloy- 
rich side of such a system or (as noted) in 
nonferrous systems. 
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Class II. Elements that decrease the 
carbon content of the iron-carbon (carbide) 
eutectoid. These elements form varying 
solid solutions with iron and do not form 
any definite carbide directly with carbon 
or with iron and carbon. 

Class m. Elements that first decrease 
and then increase the carbon content of 
the iron-carbon (carbide) eutectoid. These 
elements first form var 3 dng solid solutions 
or varying compounds with iron or iron 
and carbon and, at certain allo 3 dng con- 
centrations, form rather definite carbides 
and undergo peritecto-eutectoid reactions; 
hence the decrease and subsequent increase 
of the carbon content of the entectoid. 

PART IV 

Further Theoretical Considerations 

In parts I and II of this paper, the effects 
of various elements upon the carbon con- 
tent of the eutectoid position were sum- 
marized. From the results of this survey, a 
theory was presented in part III which 
explains the data reported in parts I and 
II. However, the authors do not feel that 
their theory is complete because some parts 
of the various constitutional diagrams 
have never been investigated. Conse- 
quently, although their presented theory 
is in accord with the reported results, they 
believe that this theory must be slightly 
modified to include the following suggested 
probabilities. 


The basis of these suggestions is that 
the ternary constitutional diagrams of 
class I elements (Table 4 ) ard incomplete 
in the lowest ranges of alloy content. The 



Fig. 1$. — Effect or various classes of 

ALLOYING ELEMENTS ON THE EUTECTOID 
POSITION. 

diagrams show that the various elements of 
class I form definite iron-free carbides as 
soon as any appreciable amount of the 
alloying element is added. This results in re- 
placing the eutectoid (^Fe aFe + FegC) 
by a peritecto-eutectoid reaction (yFe + 
XyC. ^ oFe 4- FesC + XyC.) with a con- 
sequent linear increase in carbon content 


Table 4,— Later Classification of Alloying Elements Based upon Assumptions and 
Unconfirmed Predictions of Their Effects on the Eutectoid 


Class I 

Carbides 

Class II 

Carbides 

Class III 

Carbides 

Aluminum 

Beryllium 

Columtaum. 

Tantalum 

Titanium 

Vanadium 

Zirconium 

(AI4C1) 

(Be,C) 

(Cb 4 C«)(CbQ 

(TaC) 

(TiC) 

Cob^t 

Copper 

Silicon 

ssl 

000 

Molybdenum. 
Chromium... . . 

Tungsten 

Manganese.. 

Nickd 

f(^*e,^%r) 7 Ci), ^e, Cr)iC)* 
(CPe, W)sC), (WC)< 

((Pe. Mn)ig. ((Mn, Po)4C), 
U^Mn, Pe)TCi)* 

((^e, Ni)iC)/ 


“ Composition of complex compound undetermined. . « . 

> « H double carbides of Pe and Mo; 9 MosC. which is capable of dissolving Pe and Mo (Gregg*). 

* ODmposition of carbides varies with chromium concentrations. . . « 

* Decomposition product of either or both tungsten-bearing cementite and the ternary compound ((Pe, 
W)«C) (Gre^). 

* Composition of carbides varies with Mn concentration (Wdls**)* 
f Waterhouse.*^ 
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of the eutectoid (peritecto-eutectoid) What 
the authors suggest is that at low alloying 
concentrations of perhaps less than about 
o 2 per cent or, in some instances, much 


carbides are present, to replace the euteC' 
toid by a peritecto-eutectoid and shift the 
carbon content of the reaction linearly to 
the right in direct proportion to the carbon 




less than even o.i per cent, these elements 
may be found to form a eutectoid with 
extremely limited solubility and, when 
larger amounts are added, the excess 
carbide gives rise to a peritecto-eutectoid 
reaction. The result of the limited solu- 
bility and formation of a eutectoid would 
be to lower slightly the carbon content of 
the eutectoid and, as soon as any excess 


necessary to replace the carbon converted 
into these carbides. This has been pre- 
viously shown for chromium and molybde- 
num, respectively, A generalization is 
graphically shown in Fig. i6. 

Fig. i6a shows the suggested formation 
of eutectoid and peritecto-eutectoid reac- 
tions that are identical in general form 
with those of the ternary iron-carbon- 
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chromium constitutional diagram (Fig, 12), 
The percentages of alloy required to re- 
place the eutectoid by a peritecto-eutectoid 
reaction could be extremely small (less 
than 0.2 per cent, even as little as 0.005 
per cent). In the iron-carbon-chromium 
ternary diagram (Fig. 12)' the actual value 
is high (dose to 3 per cent). Another com- 
parison may be made (between Fig. i 6 h 
and Fig. 13); typical results have been 
already reported in the ternary iron-carbon- 
molybdenum system in which the effect 
of molybdenum per unit of allo3dng is not 
so marked as are the effects produced by 
the potent elements of dass I. 

In summation, the authors suggest that 
extremely small amounts of dass I ele- 
ments, which form defmite iron-free car- 
bides, first lower the carbon content of the 
eutectoid and, as soon as definite insoluble 
carbides are formed, %e carbon content 
of the eutectoid (peritecto-eutectoid) is 
moved linearly to the right. This suggestion 
would automatically transfer elements of 
dass I to class III (Table 4). However, 
some differentiation must be made between 
dass I elements, which form iron-free 
carbides, and class III elements, which 
form iron-containing carbides. The future 
must decide, however, whether dass I 
elements should be grouped as the authors 
have done in Table 4 or placed in dass III, 
which would be then subdivided into class 
Illfl, elements forming iron-free carbides, 
and dass III6, elements forming iron- 
containing carbides. The distinction would, 
of course, be drawn not solely on this basis 
of carbide type but on the results in respect 
to the general magnitude of the alloy 
addition necessaiy to effect the shifting 
in the direction of eutectoid movement. 

Conclusion 

In condusion, it should be emphasized 
that it was the hope of the authors in pre- 
paring this paper that it might lead those 
who may now or in the future have time 
and fadlities available to undertake addi- 


tional experimental work on these ternary 
systems. Such efforts should ultimately lead 
to accumulation of data on the basis of 
which an understanding of these phe- 
nomena could result that would represent 
an advance beyond the present concep- 
tions, which, while useful, need to be 
supplemented in order that we may have 
a more precise understanding of what may 
have seemed to some to be simple reactions, 
but which are believed to be more complex 
than has been generally accepted. 

APPENDIX A 

While in the process of writing this 
paper, the question of nomenclature be- 
came paramount. This was espedally true 
in describing a normal eutectoid reaction 
(see Appendix B for definitions) which 
contained in equilibrium a compound 
(carbide). After much consideration, the 
term “peritecto-eutectoid reaction” was 
adopted because of its previous usage and 
its similarity to a “peritectic reaction” 
(see Appendix B). . 

In order to simplify the term “peritecto- 
eutectoid” or “peritecto-eutectoid reac- 
tion,” the authors define it broadly in the 
manner in which they have applied it 
throughout the preceding text. 

In the binary constitutional diagram of 
iron and carbon (carbide), at approxi- 
mately 0.83 per cent carbon, austenite 
transforms into two phases (ferrite and 
lamellar cementite). This reaction was 
called a “eutectoid reaction” by Howe 
(see Appendix B) and the resultant product 
was termed “pearlite.” When an alloying 
element is added to the binary system of 
iron and carbon (carbide), the reactions 
in this ternary iron-carbon-alloying ele- 
ment system may or may not be similar 
to those in the binary iron-carbon (carbide) 
system, depending upon the following 
conditions: . 

1. If the amount of alloying element is 
completely soluble in austenite, no appar- 
ent change should occur in the eutectoU 
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reaction beyond a change in eutectoid 
composition, transformation rates, trans- 
formation temperature, etc. 

2. If the amount of alloying element is 
greater than that soluble in austenite or 
the alloying element has a greater affinity 
for carbon than for iron, or vice versa, the 
alloying element will form a compound 
with carbon (with or without iron). As a 
result, the iron-carbon (carbide) eutectoid 
actually no longer exists, since it is a phe- 
nomenon resulting (on cooling) in only two 
phases (7Fe aFe + FeaC), and is re- 
placed by a transformation reaction that 
3delds three phases — yFe (solid solution) + 
compound (carbide with or without iron) ^ 
aFe + FejC + compound (with or without 
iron) — ^when cooled under equilibrium 
conditions. Therefore, in order to dis- 
tinguish this ternary iron-carbon-allo3ring 
element reaction from the binary iron- 
carbon (carbide) eutectoid reaction, the 
authors called it a “peritecto-eutectoid” 
reaction, since it has been previously so 
described (see Appendix B). 

Another subject presented by the authors 
for discussion is the question of eutectoid 
and peritecto-eutectoid transformation 
temperatures. In the binary iron-carbon 
(carbide) S3rstem, the eutectoid reaction 
occurs at approximately 723°C. (i333'’F-)> 
or over a temperature range that is ex- 
tremely narrow. However, in a ternary 
system of iron and carbon with an alloying 
element that forms a compound, the 
peritecto-eutectoid transformation extends 
over an appreciable temperature range, 
since the alloy compound precipitates 
preceding or during the austenite trans- 
formation. Consequently, the transforma- 
tion temperature range extends over a 
wide temperature interval instead of an 
extremely narrow one, as in the iron-carbon 
(carbide) sj>atem. This has been recorded 
by the authors for the ternary iron-carbon- 
vanadium system (see forthcoming “Alloys 
of Iron and Vanadium” Monograph). B. 
Kjerrman [Trans. Amer. Soc. Metals (1926) 


9, 430-451] also reported similar effects 
in plain carbon steels, caused by the 
presence of phosphorus, silicon and 
manganese. 

APPENDIX B 

Definitions of Eutectoid 

Thus a steel of 0.90 per cent carbon 
consists of pearlite alone ... is called 
“eutectoid.” 

* In the case of pure carbon steel the eutec- 
toid carbon content is about 0,90 per cent. 
But the carbon content of the eutectoid may 
prove to be affected by the presence of other 
elements, that carbon content with which 
pearlite alone, without either additional ferrite 
or cementite, is formed in the transformation. 
Steel which thus consists of pearlite alone 
should be caUed eutectoid, even if, because of 
the presence of manganese, or other pene- 
trating elements, its carbon content should 
vary from 0.9 per cent. 

H. M. Howe: The MetaUography of Steel 
and Cast Iron. New York, 1916. McGraw- 
Hill Book Co. 641^9. 

Steel made up exclusively of pearlite is now 
quite universally called “eutectoid” steel, 
after Howe, the name suggesting the great 
resemblance between pearlite and eutectic 
alloys, while at the same time clearly indicating 
that pearlite is not a true eutectic alloy. 

A. Sauveur: The Metallography and Heat- 
Treatment of Iron and Steel. The Uni- 
versity Press, Cambridge, Mass., 1935. 
531 PP- 

At the point 5 , where the solubility curve 
of ferrite intersects the solubility curve of 
cementite, the solid solution (austenite) is 
saturated with respect to both ferrite and 
cementite, and both of these phases are pre- 
cipitated at constant temperature with a 
considerable evolution of heat, as an intimate 
mixture which, from its analogy to a eutectic 
is termed the eutectoid. 

Z. Jeffries and R. S. Archer: The Science 
of Metals. New York, 1924. McGraw-HiU 
Book Co. 460 pp. 

We need merely to substitute the word “ solid 
solution” for the words “liquid solution” or 
“melt” in the diagram for the eutectic and 
we have instead of the simple eutectic reaction 
the exact case of austenite (solid solution) 
decomposition in steel to form pearlite, called 
“eutectoid” to distinguish it from the liquid 
reaction. 
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G. B. Doan: The Principles of Pl^sical 
Metallurgy. New York, 1935. Mcwaw- 
Hill Book Co. 332 pp. 

For the eutectoid mixture which does not 
arise in the liquid state (in freezing) but is due 
to a transformation, Howe has proposed the 
name eutectoid. 

E. Heyn and M.* Grossmann: Physical 
Metallography. New York, 1925. John 
Wiley & Son. 440 pp. 

When the alloy has all the characteristics 
of the eutectic mixture which separates from 
a liquid solid and, since the separation takes 
place from a solid solution, the name eutectoid 
is commonly given to it. 

R. S. Williams and V. O. Homerberg: 
Principles of Metallography. New York, 
1928. McGraw-Hill Book Co. 259 pp. 

Dehnitions op Peritectic 

The temperature at which this reaction 
takes place is called the peritectic temperature, 
and the reaction itself is referred to as the 
peritectic reaction. When this reaction occurs, 
there are different solid phases in equilibrium 
with the melt above and below the peritectic 
temperature. During the peritectic reaction 
there are tkree phases (two solids and one 
liquid) in equilibrium, so that the temperature 
must remain constant until at least one of the 
phases disappears. 

Z. Jeffries and R. S. Archer; The Science 
of Metals. New York, 1924. McGraw-Hill 
Book Co. 460 pp. 

Group III, Alloys Whose Two Component 
Metals' Exhibit Unlimited Intersolubility in 
the Liquid State, a Partial Solubility in the 
Solid State, and the Curves of Primary Solidifi- 
cation Intersect a Transition Point Which 
Correspond to the Temperature of the Peri- 
tectic Reaction. Like the alloys of Group I 
and II, those here show complete liquid solu- 
bilityj like the alloys of Group Ilb, they show 
partial solid solubility. Differing, however, 
from any case of Group n, the curves of the 
liquids of this series of aloys intersect, not at 
a minimum, but at a transition point, in 
temperature somewhat between the melting 
points of the two metals. The temperature of 
intersection corresponds to that of a reversible 
chemical reaction, called the peritectic reaction. 
This reaction, on cooling, occurs between the 


3SI 

solid phase already formed (the properitectic 
phase) and the residual melt, to form a new 
solid phase, either another solid solution, or an 
intermetallic compound; from these two possi- 
bilities arise the two subdivisions pf the group. 

When the Product of the Peritectic Reaction 
is a solid solution, the reaction may be ex- 
pressed as follows: 

Melt -{- alpha solution beta solution. 

When the product of the peritectic 
reaction is an intermetallic compoimd, the 
reaction may be expressed as follows: 

Melt + solid N ?=± M*Ny, 

L. R. Van Wert: An Introduction to 

Physical Metallurgy. McGraw-Hill Book 

Co. 272 pp. New York, 1936. 

Previous Usage of the Term 
“ Peritecto-eutectoid” 

The determination of the nature of the non- 
variant reaction in the 7-phase of vanadium 
steels depends on whether the Ai point of 
carbon steel is raised or lowered on the addition 
of vanadium. If the Ai point is raised on the 
addition of vanadium, the non-variant reaction 
should be peritecto-eutectoid, and if lowered, 
it should be temary-eutectoid. 

According to the results obtained the Ai 
point of carbon steel is raised about io°C. 
with 0.2 per cent vanadium and is®C. with 
0.5 per cent vanadium, remaining constant 
on further increasing the vanadium. From this 
fact, it is considered that the non-variant 
reaction in the 7-phase is a peritecto-eutectoid 
reaction. 

M. Oya: Metallographic Investigation of 

Vanadium Steels. Sci. Repts. T6hoku 

Imperial Univ. (1930) 19, 331-365, 

The curved surfaces of S4PiP2P7and SiSaPjPi 
(hatched in Fig. 6) are the solubility surfaces 
of €(V4 Ci) and FeiC, respectively, in the solid 
solution, and point pi (I^^. 5, 6 and 7), show 
the composition of the a solid solution in 
equilibrium with the 7 phase 0 at the peri- 
tecto-eutectoid point. 

M. 5 ya: On the Equilibrium of the Iron- 

Vanadium-Carbon System. Sci. Repts. 

T6hoku Imperial Univ. (1930) 19, 449-473. 

The range consisting of alpha, delta and eta 
phases exists in temperature ranges below 
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735*'C., at 'which a peritecto-eutectoid reaction) 
y ri + 6 takes place. This composition 
range shifts towards the higher carbon side 
as the tungsten content increases. 

Point O \s a peritecto-eutectoid point at 
which an invariant reaction 


YO + 7 -f- ^ 

takes place; this reaction will be denoted by 
Ap. Its composition lies at about i per cent 
tungsten, 0.9 per cent carbon, and its tem- 
perature is 2® to 3®C. higher than that of the 
A I point in the plain carbon steel. 

Other references were also made by Takeda 
to peritecto-eutectoid reactions. 

S. Takeda: Metallographic Investigation 
of the Ternary Alloys of the Iron-Tung- 
sten-Carbon System. Introduction and 
Part I: On the Carbides in Tungsten 
Steels. Part II: Transformation and 
Constitution of Tungsten Steels. Part III: 
The Equihbrium Diagram of the Iron- 
Tungsten-Carbon System. Tech, Repts. 
Tdhoku Imperial Univ., Sendai. (1930) 

9, 483-S14. 627-664; (1931) 10. 42-92. 

J. L. Gregg: Alloys of Iron and Tungsten. 
New York, 1934. McGraw-HiU Book Co, 

51 1 PP* 

Y.(FeVphase is decomposed by the peritecto- 
eutectoid reaction; 

Y + W ^ Fe,C H- «(Fe) 

Takes! Takei: On the Equilibrium Diagram 
of the Iron-Molybdenum-Carbon System. 
Kineoku no Kenkyu ( 1932 ) 9$ 97 “i 24 ; 

142 - 173 . 


J. L. Gregg: Alloys of Iron and Molyb- 
denum. New York, 1932. McGraw-Hill 
Book Co. S07 pp. 

REFERENCES 

1. A. B. Kinzel and W. Craft; Alloys of Iron 

and Chromium, i. New York, 1937. 
McGraw-Hill Book Co. 

2. J. H. G. Monypen^: The Structure of 

Some Chromium oteds. Jnl. Iron and 
Steel Inst. (zp20) zoz, 493-525. 

3. J. L. Gregg: Alloys of Iron and Tungsten, 

New York, 1934. McGraw-Hill Book Co. 

4. P. Oberhofifer and R. Daeves: Notes on 

the So-called Double-carbide-bearing 
Chromium and Tungsten Steels. Slahi 
und Risen CZ920) 40, Z5Z5-Z5Z6. 

K. Daeves: Solubility Limits for Carbon 
in Tema^ Steels, I. — ^The System 
Tungsten-iron-carbon. Ztsch, anorg, 
Ckem, (zpai) 128,67-74. 

5. J. L. Gregg: AUbys of Iron and Molyb- 

denum. New York, 2932. McGraw-Hill 
Book Co. 


6. L. Guillet; Comparison of the Properties 

and Classifications of the Ternary Steels. 
Rev de Met., Mem. (1905) a, 3SO-367. 
Tr., Stahl und Risen (1905) 25, 2439- 

7. T. ivnnden: Carbon- Molybdenum Steels. 

Iron and Steel Inst., Carnegie Schol, 
Mem. (ipii) 3f 66-124. 

8. E. L. Reed^; Influence of Special Elements 

on the Carbon Contents of the Iron- 
Carbon Eutectoid. Trans. Amer. Soc. 
Steel Treat. (2032) -20, 225-274. 

9. T. Takei; On the Equilibrium Diagram 

of the Fe-Mo-C Systems. Kinzokumo 
Kenkyu (2932) 9 * 97-124. 142-173. 

20. B. N. Svetschnikoff and N. S. Alferova; 
Theoretical and Practical Metallurgy, 
Russia (in Russian) (1936) 4* 72. 

22. L. Guillet: New Investigations of Ternary 
and Quaternary Vanadium Steels. Rev. 
de Met., Mem. (2907) 4, 775-783. 

22. A. M. Portevin: Contribution to the Study 
of the Special Ternary Steels. Iron and 
Steel Inst., Carnegie Schol, Mem, (2909) 
I. 230-364. 

13. W. Giesen: Special Steels in Theory and 
Practice. Iron and Steel Inst., Carnegie 
Schol, Mem^ (1909) z, 2-59. 

24. J. O. Arnold and A. A. Reed: The Chem- 

ical and Mechanical Relations of Iron, 
Vanadium and Carbon. Jnl, Iron and 
Steel Inst. (1922) 85, 215-227. 

25. M. (5ya: Metallographic Investigations of 

Vanadium Steels, Sci, Repts, Tohoku 
Imperial Univ. (1930) 28, 331-364; also 
Equilibrium Diagram of Iron-vanadium- 
carbon System. Sci, Repts, Tohoku 
Imperial Univ. (2930) iR 449-472, 

26. R. Vogel and E. Martin: On the Ternary 

System iron-carbon-vnnadium. Archtv 
Eisenhuttenwesen (1932) 4, 487-495, 

17, H. Hougardy; Contribution to the Knowl- 
edge of the Iron-carbon Vanadium 
Systems. Archiv Eisenhuttenwesen (2931) 


„ 4, 497. 503. _ 

28. F. Wever, A. Rose and H. Eggers: Con- 

tribution to the Knowledge of the Iron- 
rich Section of the Ternary Iron-carbon- 
vanadium System. Mitt, K. W. I. 
Eisenforch. (1936) 18, 239-246. 

29. H. Eggers and W, Peters: The Iron Comer 

of the Iron-niobium-carbon Diagram 
below 2050®C. Mitt. K. W. I. Eisenforch. 
(1038) 20, 205-21 1. 

20. R. Gender, and R. Harrison: Tantalum- 
iron Alloys and Tantalum Steels. Jnl. 
Iron and Steel Inst. (1936) 134, 273-210. 
22. K. Lohberg and W. Schmidt: The Iron 
Section of the Iron-aluminum-carbon 
‘ System. Archiv Eisenhuttewesen (2937- 

38)22,607-614. 

22. I. S. Gajew and R. S. Ssokolow: Alloys of 
the Systra_ Iron-carbon-beryllium. 


Metallurg (in Russian) (2937) 
23. R. Vogel and Sundermazm: Th( 


6 , 22 - 20 . 
le System 


Iron-cobaltncarbon. Archiv Eisenhiate- 

«. Mo„ o, 

25. E, C. Bain, B. S. Davenport and W. S. N. 
Waring: The Equilibrium Diagram of 
Iron-manganese-carbon Alloys of Com- 
mercial Purity. Trans, Inst. Met. Engrs. 
2932\ 100, 228-256. 



DISCUSSION 


353 


26. J. S. Marsh: Alloys of Iron and Nickel x. 

New York, 1038. McGraw-Hill Book Co, 

27. E. S. Greiner. J. S. Marsh and B. Stough- 

ton: Alloys of Iron and Silicon. New 
York, 1933. McGraw-Hill Book Co, 

28. W. Tofaute and A. Buttinghaus: The Iron 

Section of the Iron-titanium-carbon 
System. Archiv Eisenhuitenwesen (1938- 
39) a. 33-36- 

29. R. vog^ and £. Lohberg: The System 

Fe-FesC-ZrC-FesZrs. Archiv Eisenhutte- 
wesen (1933-34) 7, 473-478. ^ 

30. W. Tofaute. A. Sponheuer and H. Bennek: 

Transformation. Hardening and Temp- 
ering Phenomena in Steels with up to 
I % C and up to 12 % Cr. Archiv Risen- 
huiienwesen (1934-35) 8, 499-506. 

31. W. Tofaute, A. Kiittner and A. Butting- 

haus: The Iron-chromium-chromium 
Carbide CttC* — C ementite System, 
Archiv EisenhuUenwesen (1936) 9, 606- 
616, 

32. S. Takeda: MetaUographic Investigation 

of the Ternary Alloys of the Iron- 
ttmgsten-carbon System. Introduction 
and Part I: On the Carbides in Tungsten 
Steels. Part II: Transformation and 
Constitution of Tungsten Steds. Part 
III: The Equilibrium Diagram of the 
Fe-W-C System. Tech, Repts. Tohoku 
Imperial Univ., Sendai (1930) 9, 483- 
514, 627-664; (1931) lOj 42-92. 

33. C. Wells: Constitution of Iron- Manganese- 

Carbon Alloys. Metals Handbook (1939) 
im9-4i4. Amer. Soc. for Metals. 

34. G, B. Waterhouse: The Influence of Nickd 

and Carbon on Iron. Jnl, Iron and Steel 
Inst. (1905) 68, 376-407. 


DISCUSSION 


(Carl M, Loebf Jr,y presiding) 


L. D. Japfe,* Cambridge, Mass. — ^This 
paper contains a useful presentation of the 
existing data, and brings out the often neg- 
lected fact that addition of an alloying dement 
may change the nature of the eutectoid reac- 
tion. The authors’ theory of the mechanism 
by which various elements alter the “eutec- 
toid” position, and the resulting predictions 
of the effects of the several dements, is an 
interesting contribution. 


♦Laborato^ of Physical Metalltirgy. Har- 
vard University, 


One point in appendix A, however, does not 
seem to be wholly dear. It is stated that the 
peritecto-eutectoid transformation, 

yFe + compotmd oFe + FobC + compound 
extends over an appreciable temperature 
range. This statement is difficult to reconcile 
with the phase rule, which indicates that in a 
three-component system at an arbitrary 
(atmospheric) pressure four phases can exist 
in equilibrium only at one temperature and 
with one composition of each phase. Does 
“appreciable” temperature range perhaps 
refer to a “pro-peritecto-eutectoid” austenite 
“compound” or austenite-cementite reaction, 
analogous to the pro-eutectoid austenite- 
cementite reaction in the iron-carbon binary 
system, rather than to the “peritecto-eutec- 
toid” reaction itself? 

C. L. Shapero and J. Strauss. — Mr. Jaffa’s 
pertinent question has been answered in part by 
himself and is explained in paragraphs i and 2 
of Appendix A. As stated in paragraph i : if the 
alloying dement is completely soluble in 
austenite, the allotropic transformation (ter- 
nary eutectoid) reaction behaves simply like 
an austenite-cementite (proeutectoid austenite- 
cementite) reaction that occurs normally in 
the iron-carbon (carbide) binary system. How- 
ever, as stated in paragraph 2 of Appendix A, if 
an alloy carbidic compound is formed and 
dissolved in austenite, the binary eutectoid 
reaction becomes peritecto-eutectoid and the 
gamma-alpha transformation 'becomes a “pro- 
peritecto-eutectoid” austenite — “alloy com- 
pound” reaction, as Mr. Jaffe describes it, 
instead of a pro-eutectoid austenite-cementite 
reaction. On cooling from the peritecto- 
eutectoid transformation temperature range 
(since the reaction occurs over a temperature 
range and does' not take place at a single con- 
stant temperature) cementite is precipitated 
from the alpha-iron solid solution and the final 
aggregate at room temperature becomes ferrite 
(alpha iron) plus cementite plus the carbidic 
alloy compound. 



Orientation in Low-carbon Deep-drawing Steel 

By James K. Stanley* 

r Chicago Meeting, October ip43) 


PEEFEiiRED orientation, particularly in 
irons and low-carbon steel, is a phenomenon 
that is both of considerable importance and 
theoretical interest- At times it is a liability 
and at other times an asset. In deep-draw- 
ing operations, preferred orientation is 
extremely undesirable because it necessi- 
tates trimming operations and increases 
scrap loss. Furthermore, oriented metals 
are likely to crack more easily than ran- 
domly oriented material because the 
forming of symmetrical and unsymmetrical 
shapes out of preferentially oriented metals 
and alloys increases the probability of 
rupture in regions of high stress, owing to 
differential ductility.^ In the electrical 
industry, on the other hand, preferentially 
oriented silicon irons are in demand for 
transformer application because of the 
improved magnetic permeabilities in the 
rolling direction.* This phenomenon of 
preferred orientation in soft magnetic 
materials has been responsible for the tre- 
mendous improvement in transformer 
design and construction in recent years. 

Directional properties in metals have 
received a great deal of attention in the 
metallurgical literature,®"® in which much 
of the information reported about orien- 
tation has been obtained by conventional 
methods, mechanical properti^ and X-rays. 
A wealth of data has been obtained and 
often at a great expenditure of time. The 


Manuscript received at the office of the 
Institute May 5, 1943. Issued as T.P. 1635 in 
Metals Technology, September 1943. 

* Research Engineer, Research Laboratories, 
Westinghouse Electric and Manufacturing Co., 
East Pittsburgh, Pa. 

^ References are at the end of the paper. 


recent introduction of the magnetic torque 
measurements on ferromagnetic materials 
provides a very simple and rapid method of 
evaluating orientation. The judicious use 
of the method can supply important in- 
formation, but it should be home in mind 
that such studies must be supplemented by 
X-iaySy optical methods,^® and etch and 
pressure figures^^ to get a rational under- 
standing of the orientation phenomena. 

No claims are made that the magnetic 
torque of evaluating orientation will reveal 
the behavior of the metal in deep drawing. 
For this purpose the accepted tests for 
deep-drawing quality must be used. For a 
good drawing stock, which must have low 
impurities, desirable grain size, ductility, 
strength, hardness, good surface, random 
orientation, and good reciystallization 
behavior, it cannot be expected that any 
simple test will be satisfactory for apprais- 
ing all the factors. The only factor on which 
the magnetic method can be used is 
orientation, which is, of course, of con- 
siderable importance. When directionality 
can cause a 10 to 15 per cent change in 
tensile strength and a 100 to 300 per cent 
change in tear length,^* it goes without 
saying that a reliable as well as rapid 
method for detecting these changes would 
be desirable. 

There are certain inherent advantages in 
testing orientation by the torque method: 
The method is rapid with the proper type 
of equipment; no elaborate preparation of 
specimens is required — ^it is only necessary 
to punch or machine a i-in. disk of the 
sheet material and insert it into the testing 
device. 
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The method will not contribute much to 
the solution of deformation processes and 
textures or even recrystallization textures 
but it is a convenient tool for following 


If, however, a mechanical torque is 
applied to the disk to prevent its rotation, 
and if the magnetic torque is plotted for 
various angular positions, the angle be- 



Fig I, — Magnetic ToaguE curves obtained on indicated planes in iron-silicon alloys. 


changes in orientation due to rolling and 
heat-treating. 

Magnetic Torque Measurements as an 
Index op Orientation 

It is fairly well known that single 
crystals of ferromagnetic materials have 
directions of easy magnetization as well as 
directions of difficult magnetization^*-*®. 
In a polycrystalline material it is possible— 
by choice of rolling and annealing con- 
ditions — to get individual crystals to align 
themselves in such manner as to obtain 
preferred orientations, in which case it is 
also possible to have easy and difficult 
directions of magnetization.®^-*^ If a disk 
of a single crystal or an oriented poly- 
ciystalline material is mounted in a strong 
magnetic field, the field will tend to rotate 
the disk so as to bring one of the easy 
directions of magnetization into the direc- 
tion of the field (see Appendix), 


tween the field and the direction of 
magnetization, the shape of the curve 
obtained will depend upon the kind of 
orientation present in the disks.* If random 
orientation exists in a polycrystaUinc metal 
there will be no variation; if the orientation 
of a disk is well developed the typ® of curve 
may approach that of a single crystal. This 
is shown in Fig. i. 

Experimentally there are several ways of 
determining these torque curves. A torsion 
instrument^* can be used in which the 
restoring torque is obtained by twisting 
the wire supporting the disk and acting as 
its axis. Another method is that of using an 
analytical balance with the disk mounted 
at the center of the balance bar, the axis 
of the disk passing along the knife edge,*® 
The amount of weights required to bring 

• No attempt will be made here to discuss 
the cutves in terms of anisotropy constants. 
For discussion see Tarasov and Bitter.*^ . 
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the balance to equilibrium is a measure of 
the restoring torque. Still another method 
is that developed by Dr. S. Siegel, of the 
Westinghouse Research Laboratories, in 
which a change in flux in a disk rotating 
in a magnetic field activates a fluxmeter, 
which operates an automatic recording 
device, thereby drawing the torque curve. 

The maximum amplitude of the torque 
curve is then a function of the degree of 
preferred orientation (see Appendix). If the 
amplitude is measured in some arbitrary 
units and divided by the thickness of the 
material, an index of the orientation can be 
obtained. While the torque method does not 
offer any solution as to the nature of the 
orientation present, in terms of planes and 
directions, it does afford a very rapid way 
of determining the degree of orientation of 
the predominant crystallographic structure 
once the basic orientation has been 
established. 

Scope op Present Investigation 

Whi]e a logical sequence of exposition of 
orientation phenomenon would consist of 
hot-rolling, cold-rolling, and recrystalli- 
zation orientations, it was found advisable 
to treat the development of cold-rolling and 
recrystaJlization orientations before the 
hot-rolling orientation, because the torque 
studies were very informative about the 
first two but not about the latter. 

The paper reports and discusses the 
phenomenon of orientation in low-carbon 
steel under the following sections: 

I. Cold-rolling Orieniaiion. — Changes in 
orientation were observed on the steel that 
had received two preliminary treatments 
(to study their effect) before the material 
was cold-rolled. 

а. A portion of the deep-drawing stock, 
which had been received in a cold-finished 
condition, was recrystallized for lo hr. at 
7co®C. before cold-rolling in order to re- 
move all evidence of cold-work. 

б. Another portion of the stock was 


heated to 9S0® and iooo®C. above the 
critical temperature, and was furnace- 
cooled through the transformation to 
remove previous orientations before it was 
cold-rolled. 

c. Some as-received material also 
was cold-rolled without any treatment 
whatever. 

2. Recrystallization Orientation. — ^The de- 
velopment of the recrystallized orientation 
by annealing the cold-roUed material men- 
tioned in section i was studied after 
annealing for various times at different 
temperatures. 

a. The cold-worked material that had 
received a preliminary anneal at 7oo®C., 
and which subsequently was cold-rolled 
various amounts, was recrystallized at 600° 
and 8so®C. Samples were furnace-cooled 
at approximately 5® per minute. 

b. The cold-worked material that first 
had been heated above the. As also was 
cold-rolled and then recrystallized at 600® 
and 85 o®C. 

c. The as-received material that had 
been only cold-rolled was recrystallized at 
6oo®C. 

3. Destruction of Orientation by Cooling 
from above the Critical. , 

4. Hot-rolling Orientaiion. 

5. Appendix: Theory of Method Used for 
Measurement of Magnetic Torque. 

General Procedure or Rolling, 
Heating and Annealing 

Cold-rolling was carried out on a four- 
high mill, using working rolls of 2-in. 
diameter. It was done carefully by using 
light reductions — about 5 per cent per pass 
— ^to prevent overheating. 

For hot-rolling, the material was reduced 
on a two-high mill with rolls of 5-in. 
diameter. 

Annealing, for heating through the 
critical range and for recrystallization, was 
carried out in a dry hydrogen atmosphere 
with a minus 60 to minus 70®C. dew point, 
in whidi state the gas may be considered a 
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neutral atmosphere. The bright surfaces 
caused by the anneal made ideal surfaces 
for rolling and punching dies for torque 
testing. 

For hot-rolling the strips were heated in 
an electric air-muffle furnace. 

Coldr-rolling Orientation 

Material Recrystallized at 7oo®C. before 
Cold-rolling, — ^The material used for this 
test was a cold-finished deep-drawing steel 
0.061 in. thick, of the following com- 
position: Carbon, 0.05 per cent; manganese, 
0.35; phosphorus, 0.012; sulphur, 0.03 r; 
silicon, 0.01. 

Prior to rolling, this strip was recrystal- 
lized 10 hr. at 70o°C. It was then reduced 
various amounts on the four-high mill, 
after which i-in. disks were punched for 
magnetic testing. 

In Fig. 2 are the torque curves observed 
in this cold-roUed strip. Type I was 
obtained for reduction up to about 30 per 
cent and type II above 50 per cent. In the 
region from 30 to $0 per cent, type II is 
superimposed on t3rpe I, giving rather 
complex torque curves. 

Curves of type I,* probably mixtures of 
the reciystallization orientation and the 
cold-rolling orientation (type II), do not 
show any variation in torque amplitude 
with increasing cold-work. In the region 30 
to so per cent reduction, the curves are not 
amenable to study because of their com- 
plexity. Curves of type II, however, can be 
analyzed because they show a variation of 
amplitude with cold-working. 


* The origin of this type of torqtie curve is 
somewhat obscure but it may be explained as a 
combination of the (no) and (001) planes 
because if single-crystal planes of 3.25 per cent 
silicon iron (no) and (001) are used for torque 
curves and combined in diJSerent amounts, 
curves similar to that of type I are obtained. 
If the recrystallization texture, resulting from 
heating the cold finished strip, is assumed to be 
essentially that of {no} planes in the roUing 
plane or if the hot-rolling orientation is of the 
same kind, and if the cold-rolling orientation 
is largely of {ooz} planes, a combination of the 
two can lead to a torque curve of type 1. 


In analyzing the data, a convenient 
procedure is to plot the degree of orienta- 
a t 

tion j against the logic j where t is the final 



Fig. 2.— Typical magnetic tokqxje dia- 
grams OBTAINED ON ROLLING AND ANNEALING 
LOW-CARBON STEEL. 


thickness, to the initial thickness, and a the 
maximum amplitude of the torque curve 
(Fig. 3). The data plot as straight lines and 
the value of such plots will become even 
more apparent in the discussion of the 
recrystallization orientation. 

Orientation Developed in Materials Fur- 
nace-cooled from 980® and iooo®C. before 
Cold-rolling, — ^The low-carbon steel used 
was supposed to be a hot-rolled product 
finished by cold-rolling. It was decided that' 
heating this material above the critical 
temperature might remove evidences of 
any hot-work and cold-work. 

A sample of the sted was heated to 
98 o®C. in dry hydrogen and cooled in the 
furnace. The amplitude of the torque 
curves was very small^ and for practical 
purposes it could be considered randomly 
oriented. After this treatment the strip was 
cold-rolled, punched, and tested. The data 
are reported in Fig, 3. 
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The experiment was repeated by heating 
some other material to iooo°C., rolling, 
punching, and testing. These data are also 
plotted in Fig. 3. While the curv’es are 


it is probable that the (100) planes be- 
come more parallel to the plane of the 
sheet and that the perfection in parallelism 
continues with increasing reductions and is 
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Fig. 3 — Change in cold-rolled orientation with reduction. 


similar, they do not coincide; the reason 
for this is unknown. 

Orientatim Developed in Cold-roUing As- 
received Material. — The low-carbon steel in 
the as-received condition has a magnetic 
torque curve of type I, Fig. 2, and remains 
in the initial as-received orientation up to 
about 30 per cent reduction. Beyond 30 per 
cent, the cold-rolled orientation appears 
(type n, Fig. 2) and the amount of the 
cold-rolling orientation increases with in- 
creasing cold-work (Fig. 3). 

OrUntaiion Developed in Low-carbon Steel by 
Cold-rolling 

Numerous investigations have been 
carried out on cold-rolled iron and steel and 
there is satisfactory agreement that the 
texture is chiefly one in which the [no] 
directions of the grains lie along the rolling 
direction and that the (100) planes lie in 
the plane of the rolled sheet. Deviations 
from the ideal positions occur, of course, 
both as to directions about the rolling 
direction as an axis and of the planes with 
respect to the plane of the sheet. With 
severe cold-work, above 50 per cent, 


also undoubtedly favored by the thinning of 
the sheet. Simultaneously the deviation of 
the [iioj from the direction of rolling also 
decreases with cold-work. This would ex- 
plain the increase in the degree of orien- 
tation with increasing deformation, as in 
Fig. 3. These observations are in accord 
with Post®^ and McLachlon and Davey.®® 

A single crystal of 3.25 per cent silicon 
iron* of the (001) plane gives identical 
torque curves (see Fig, i) with those 
obtained for low-carbon steel by severe 
working. 

Recrystallization Orientation 

Orientation of Material Armealed and 
Cold-roUed, then Reannealed at 600^ and 
85o®C. — sample of the cold-finished, low- 
carbon, deep-drawing steel was annealed 
10 hr. at 7oo®C. id dry hydrogen to remove 
all traces of the finishing rolling. Cold-roll- 
ing was carried out from 0.061 to 0.003 
steps of about s per cent reduction. .After 
the rolling and punching of two similar sets 

* Single crystals of iron large enough for 
torque testing are difficult to malce because of 
the transformation. It is comparatively easy 
to make l^e crystals of silicon iron. 
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ot the disks, one set was annealed 25 hr. the 85o®C. anneal also are shown in Fig. 6. 

at 600° and the other 25 hr. at 8so®C., after At this temperature the degree of preferred 

which the disks were tested. orientation is increased by continued an- 

The degree of orientation as a function of nealing and probably will continue to 
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Fig. 4. — Change in orientation or cold-woreed material on recrystaluzation. 


the initial and final thickness is shown for 
both temperatures in Fig.' 4. The diagram 
indicates that at a certain deformation a 
maximum in the degree of orientation is 
reached. This critical deformation is in the 
range of cold-working specified in claims of 
cited patents.® 

Fig, 4 also indicates that higher temper- 
atures, as long as they are below the As, 
are more favorable to the enhancement of 
preferred orientation than are low 
temperatures. 

Deformations up to 45 per cent gave 
complex torque curves on recrystallization 
and therefore were not used. 

Orientation of Material Furnace-cooled 
from iooo®C., Cold-rolled^ Then Reannealed 
at 600® and 8so®C. — ^After cold-rolling, one 
set of the material was recrystallized for 
various periods (1 hr., 25 hr. and 50 hr.) 
at 600® and another set (i hr., 10 hr., 25 
hr. and 50 hr.) at 8so®C. The change in de- 
gree of orientation with reduction on anneal- 
ing at 6oo®C. after cold-work is shown in Fig. 
S, which shows that prolonged annealing at 
this temperature does not result in any 
change in the orientation; i.e., there is 
neither an increase nor a decrease In the 
amount of preferred orientatidn. Curves for 


improve with time as long as there is grain 
growth (coalescence). 

Orientation in As-received Material Cold- 
rolled and Then Annealed at 600® C. — ^This 
material had been cold-rolled various 
amounts after being received and was then 
annealed ri hr. at 6oo®C. to recrystalUze it. 
The maximum in the degree of orientation 
appears to be about the same as for 
material that had been recrystallized 
before the cold-working. The curve ob- 
tained on recrystallization is similar to the 
6oo®C. curve of Fig. 4. 

Orientation in Recrystallized Low-carbon 
Steel 

The form of the torque curves obtained 
in the .recrystallized material are of two 
types. Up to about 30 per cent reduction 
the form of the torque curves is of type I 
(Fig, 2), which has been conridcred as a 
mixture of the hot-rolled and cold-rolled 
orientations. From 30 per cent reduction to 
about 50 per cent rixe orientation is some- 
what complicated by the appearance of the 
recrystallized orientation in the material. 
Beyond 50 per cent reduction the form of 
the torque curve is of type III (Fig. 2), 
coiresponding to an orientation having a 
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fiio) plane in the rolling plane and a [ooi] In another series of tests the following 
direction parallel to the direction of rolling; was observed on as-received material that 

i.e., the same type of torque curve obtained had been furnace-cooled from iooo°C. 
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for a (no) single-crystal disk as shown in 
Fig. I. 

Destruction of Orientation by Cooling from 
above the Critical 

It would seem, since transformations 
proceed by well-defined crystallographic 
mechanisms, that such lattice changes 
might generate new preferred orientations. 
However, since distortion accompanies 
these allotropic changes, the nature of 
orientations formed may be so numerous 
that all traces of the primary preferred 
orientation would probably be erased. This 
seems to be true, but Tammann^^ found, 
in eIectrol3^ic iron, that a preferred orienta- 
tion is partly retained on normalizing. To 
get further data on this point samples of 
steel were used that had been cold-rolled 
various amounts, annealed at 600® to 
reciystallize them, and then heated to 950® 
and furnace-cooled. It was found that a 
trace of some complex orientation persisted 
in samples that had been originally cold- 
rolled less than 15 per cent but for samples 
that had been cold-rolled more than that 
amount and annealed before cooling 
through the critical, all * traces of the 
reciystallization orientation disappeared. 


Three different treatments were given this 
furnace-cooled material: 

1. A series of samples was reduced to 
various gauges from 0.060 (o per cent reduc- 
tion) to 0.005 (92 per cent) by cold-rolling. 

2. A second series was similarly prepared 
and annealed 50 hr. at 6oo®C. 

3. A third series was similarly prepared 
and annealed 50 hr. at 85o®C. 

AH three lots of material were then 
heated above the critical (iooo®C.) and 
cooled in the furnace. In all cases where the 
strip had been cold-worked 40 per cent or 
more, with or without recr3rstallization 
before heating above and cooling through 
the critical, complete removal of orien- 
tation was obtained. 

It would seem then that in series 1, a 
preliminary cold-work of 40 per cent or 
more is a prerequisite for obtaining com- 
plete random orientation in low-carbon 
deep-drawing steel on cooling the material 
through the transformation. In series 2 and 
3, in which the material was recrystallized 
after cold-working, random orientation 
upon transformation results only in a pre- 
viously weU-developed recr3rstallization 
orientation, which occurs when a material 
is cold-worked about 40 per cent or more 
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by rolling followed by annealing. In the 
material cold-rolled less than 40 per cent as 
well as in the material recrystallized at 
600® and 850® after deformation up to 40 


passes are too severe orientation can be 
retained even though the strip is above As. 
Hot-rolling near the Ai always produces 
preferred orientation. 


PERCENT REDUCTION 



Fig. 6. — Change in orientation of cold-worked siaterial on recrystallization at 850 C. 


per cent, some complex residual orien- 
tation remained after cooling through the 
critical range. The amplitude of these 
residual complex curves was quite small 
and for practical purposes the orientation 
can be considered virtually eliminated. 

It was also found, as might be expected, 
that pure iron (0.006 per cent C) behaves 
similarly to the low-carbon steel. 

Mot-rolling Orientation 

Very little is known about hot-rolling 
orientation as compared with our knowl- 
edge of cold-rolling orientation, because 
hot-rolling orientations are not so pro- 
nounced and apparently do not lead to 
deep-drawing dif&culties as does cold- 
processed strip. Hot-rolling is considered 
here as rolling at or above red heat, say 
6oo®C. 

Goss** sajrs that low-carbon steel strip 
may or may not retain an oriented struc- 
ture on hot-rolling below the As depending 
0131 the amount of rolling. Rolling above the 
As results in random orientation because of 
the transformation, but if the finishing 


For hot-rolling experiments some hot- 
rolled steel of heavier gauge (0.133 in.) 
of a composition similar to the first mate- 
rial, was obtained. 

In these experiments, the strip was 
heated to the desired temperature in an 
air muffle furnace and immediately given 
one pass on a 5-in. diameter mill. After this 
single pass, the strip was cooled, samples 
cut and the strip reheated and given an 
additional pass, and so on. This rolling was 
done in the alternate*' sense; the first time 
one end was introduced into the rolls, 
identified by pointing the strip, and on the 
next reduction the opposite end entered 
the rolls. 

The torque curves obtained by hot- 
rolling at 9So®C. and cooling through the 
transformation are extremely complicated 
and a different orientation appears at each 
reduction. . Since each torque curve is 
different from each succeeding one, it indi- 
cates that different planes become parallel 
to the rolling plane after each reduction. 
Since the torque curves are not similar to 
some of the single-crystal torque curves, it 
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is impossible to say what the orientation is 
in kind and degree. 

Material rolled identically as above but 
in the single” sense — i.e., the same end of 
the strip always entered the rolls — gave 
v'irtuallj’ the same complex torque curves. 

Torque curves were also obtained on hot- 
rolling the same steel at 8oo°C. It was 
found that there exists a degree of similarity 
in the curv^es but not sufficient to warrant 
any definite conclusion as to the orien- 
tation. About all that can be said about the 
hot-rolling orientation formed at 800® is 
that it is less complicated than the one 
formed at 9SO®C. 

Mthough the torque method of study of 
orientation in hot-rolling is not ver>" 
informative, it can be said that hot-rolling 
does produce preferred orientations but 
these are rather complex, probably because 
numerous planes can orient readily in the 
rolling plane, particularly {211} and 1 100}, 
and to a lesser degree liio}, liii!, f 123I, 
and {310}. 

Summary 

The development of orientation in cold- 
rolling of low-carbon deep-drawing steel 
has been followed by the magnetic torque 
method. A linear relationship was found 
between the degree of orientation and the 
logarithm of the ratio of the final to the 
initial thickness. When the steel strip was 
cold-rolled in the as-received, recrystallized, 
and normalized (furnace-cooled through 
the transformation) states, &11 materials 
showed this linear relationship on 
cold-working. 

The change in degree of orientation on 
recrystallization of the cold-worked ma- 
terial was also studied. A maximum in the 
degree of preferred orientation is found in 
the r^on 65 to 75 per cent reduction, 
when the cold-rolled strip was subse- 
quently recrystallized at 600® and 85o®C. 
Prolonged annealing (up to 50* hr.) at 
6oo®C. does not result in any improvement 


but prolonged annealing at 85o®C. in- 
creases the degree of orientation. 

That preferred orientation, either in the 
cold-rolled or the recrystallized material, 
can be destroyed by heating the materials 
above the critical range is known, but 
complete random orientation does not 
occur unless the material has been cold- 
worked a minimum of 40 per cent or has a 
recrystallized preferred orientation. 

The magnetic torque method does not 
add any new knowledge on the nature of 
hot-rolling orientations other than to 
indicate that complex orientations are 
produced. 

APPENDIX 

The work done in magnetizing a cubic 
crystal to saturation along a direction 
determined by the direction cosines ai, 
aa, a*, with respect to cubic axes is 

E — Kq -f* Ki{(Xi^ctz^ + 4" 

+ 4- * ‘ * [i] 

where Ki and Ki are anisotropy coefficients 
and the Eq. i defines them. 

If a thin single crystal, or an oriented 
polycrystallme disk, is placed in a strong 
magnet field, a torque about the axis 
perpendicular to the plane of the disk acts 
upon it. The torque arises because the 
magnetization vector J is not parallel to 
the applied field E, A torque of magnitude 
E X J = EJn acts on the disk, where /* 
is the component of magnetization normal 
toE. 

If the disk is uniformly magnetized to 
its saturation intensity the torque 
acting on the disk due to its anisotropy is 



or, taking the derivative of Eq. i, 

T ^ —2K1 {An sin 2n0 4- Bn cos 2 n 9 ) 

4“ ^^2 Xn fC'n sin 2nQ 4* Dn cos inff) 
i,a.3 
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where Bn, Cn, are functions of the 
orientation angles. 

For a simple case, for (001) plane, the 
torque on a cr37stal disk about the (001) 
axis normal to the disk s 



where 6 is the angle between [010 ] direction 
and the magnetization vector /. 

For a (iio) plane the torque becomes 

r = (2 sin 20 4 - 3 sin 40) — ^ 

(sin 20 + 4 sin 40 — 3 sin 60) 

where 0 is measured from the [001] direction 
in the disk to /. 

In our investigation a specimen of i in. 
diameter was mounted on a shaft and 
driven at rate of i r.p.m. Two coils of about 
2000 turns each, as half shells, cover the 
disks but do not turn with the specimen. 
This assembly is put between the poles of 
an electromagnet operated by storage 
batteries. All determinations reported here 
were taken at 2250 oersteds (10 amp. in 
our coil). 

In measuring Jn the plane of the coils is 
initially ihxed parallel to E so that none of 
the flux due to H links the coils. The coils 
are a part of the fluxmeter circuit. The 
variations in with the angular position of 
the disk in the magnet field are measured 
by the flux-meter circuit. 

A permanent record is obtained by driv- 
ing the disk in synchronism with a paper- 
covered drum, so that the angular position 
on the drum is related to that of the disk. 
A photocell arrangement on a movable 
carriage with a pen attached follows the 
reflections from the mirror of the flux- 
meter, so that a torque curve is obtained. 
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(Anson Hayes presiding) 

L. P. Tarasov,* Worcester, Mass. — The 
results described In this paper are very similar 
to those obtained by the writer*^ several 

• Research Laboratories, Norton Company, 
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years ago when investigating the orientation 
behavior of a low-carbon silicon steel con- 
taining 3 per cent Si. Unfortunately, even 
though the experimental methods in the two 
cases were basically the same, different methods 
of expressing and plotting the data have 
obscured this similarity. 

Mr. Stanley has confined himself to the 
maximum amplitude of the torque curve while 
the w’riter dealt with this curve in terms of 
amplitudes of the two principal sinusoidal 
components. If T is the torque and 8 the angle 
measured from the rolling direction, the torque 
curve is given accurately enough for orientation 
work by T « sin 20 + A2 sin 46. Changes 
in the maximum amplitude of the torque curve 
and in the magnitude of As, disregarding its 
sign, correspond very closely to each other 
when As is large compared with Ai Or when 
these two coefficients remain in the same 
ratio. In orientation studies like the present 
one, however, Ai and A 2 vary independently 
of each other and the two may be of nearly 
the same size, with the result that the maxi- 
mum amplitude and As do not change in the 
same manner. 

An advantage of the maximum amplitude 
is that it can be obtamed easily by direct 
measurement whereas the coefficients Ai and 
As require a little calculation after measure- 
ments are made at certain selected angles. In 
routine work on specimens having a well- 
defined torque curve, the maximum amplitude 
is as satisfactory a criterion as any other. 
However, when the torque curves change in a 
complicated manner, as the author found for 
his hot-rolled specimens, there is a distinct 
advantage to expressing the results in terms 
of Ai and A 2. Then a seemingly discontinuous 
change in the tsrpe of the torque curve will 
often be seen to be merely the result of the 
rapid passage of one of the coefficients through 
zero. A further advantage of these coefficients 
is that all the results of a given experiment can 
be plotted on a single graph, regardless of how 
the type of the torque curve happens to change. 

In calling the maximum amplitude the 
degree of orientation, there is a danger that 
the latter term may be misinterpreted by the 
average reader not familiar with magnetic 
torque studies. This term is really an abbre- 
viation for “apparent degree of orientation as 
detected by the magnetic torque method.’^ A 


low torque curve for polycrystalline material 
may mean cither that the texture is very 
random, or that the texture is predominantly 
one with an orientation giving a low torque, or 
that two or more textures are present, which 
individually would give high torque curves 
but which are so oriented that their torques 
are oppositely directed and hence cancel out. 
To avoid the implication that the amplitude 
of the torque is related only to the degree of 
perfection of the texture, it might be preferable 
to replace “degree of orientation” by a more 
noncoznmittal term, such as “orientation 
factor.” 

In order to compare the writer's data on 
silicon steel with those presented in this paper 
on deep-drawing steel, it is best to transform 
the A I and A 2 values for the former into 
maximum amplitudes. When this is done, it is 
found that cold-rolled silicon steel follows a 
linear relationship, similar to those shown 
in Fig. 3. Inasmuch as his data are expressed 
in arbitrary units, it is not possible to decide 
which steel has the greater rate of increase in 
orientation factor as the percentage reduction 
increases It is true that the orientation factor 
starts out higher for silicon steel, since in this 
case the straight line when extended slightly 
crosses the vertical axis before reaching the 
horizontal one, while the opposite is true for 
the deep-drawing steel. Whether the orienta- 
tion factor for the silicon steel continues to be 
higher than the other at greater reductions 
can be determined only if Mr. Stanley recalcu- 
lates his data from arbitrary units of torque 
into absolute ones. 

It would be of considerable value to have 
such a comparison available because the two 
steels in question differ essentially only in 
their silicon content. Were the data expressed 
in absolute units, or, better yet, in terms of the 
anisotropy constant Zi,' it would be possible 
to see just how the addition of 3 per cent Si 
affects both the cold-rolling and the recrystal- 
Hzation textures. If other steels are later 
studied in this manner, further comparisons 
would be feasible. 

When the data for reoystallized silicon 
sted are recalculated and plotted on the same 
basis as Fig. 4, exactly the same sort of a curve 
results. The intersection of the two straight- 
line portions of the curve for silicon steel 
reciystallized at 8 so°C, comes between 6$ and 
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70 per cent reduction, just as for the deep- the resulting texture is fairly stable; and to 
drawing steel. However, a higher minimum diminish the effect of time at the reaystallizing 
recrystallizing temperature is required for temperature. 



Fig. 7. — Influence oe cold reduction on directionality op strip steel annealed at 

i3So®F. 


silicon steel in order to obtain substantially 
the same torque curves that are obtained at 
higher temperatures. For deep-drawing steel, 
6oo®C. is clearly high enough, while for the 
silicon steel it was necessary to go to at least 
7oo®C., and even higher for reductions that 
were less than 80 per cent. No significant 
change in the torque curves of silicon steel 
was observed when the time was changed from 
I to 24 hr., provided the temperature was not 
too close to the lower limit for recrystalliza- 
tion. This contrasts with the behavior of the 
deep-drawing steel when recrystallized at 
85 o®C., for its orientation factor increased 
with increasing time. 

To summarize, the effects of adding 3 per 
cent Si on the recrystallization texture are to 
leave unchanged the percentage reduction at 
which the highest recr3^tallized orientation 
factor is obtained; to raise considerably the 
reciystallization temperature above which 


G. H. Enzian,* Pittsburgh, Pa. — ^The sub- 
ject studied by the author is an important 
one and one which, in all probability, will 
assume increasing importance in future manu- 
facture of sheet and strip steel for deep drawing 
and pressing. Most of our present knowledge 
of preferred orientation and directional prop- 
erties has been gained from slow, tedious, and 
rather complicated X-ray studies, which are 
not at present adaptable to production and 
control work. Mr. Stanley has presented a 
readily understandable approach to a study 
of directionality in strip sfeel and has described 
a test method that could easily be incorporated 
intp metallurgical control laboratories as well 
as being applicable to research on the subject. 

The paper is of especial'interest to us because 
we have been studying the subject, also using 
magnetic torque tests, over a period covering 

* Research and Development Division. 
Jones and Laughlin Steel Corporation. 
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the past three or four years. Information orientation, as expressed by Mr. Stanley, a 
accumulated in this time in general substan- maximum was probably attained between 76.5 
tiates the results published in this paper. As and 8s per cent reduction. 

NORMALIZED AT 1700° F 



IN DEGf^S 

Fig. 8. — Inpli'emce op cold REbucnoN on direction auty op strip steel normalized at 

i7oo®F. 

manufacturers of strip steel, we have been Similar cold-reduced samples were normal- 
primaiily interested in practical applications ized by air cooling after heating to i7oo°F., 
for the information furnished by studies of and it was found that the resulting torque 
magnetic anisotropy, and have used the test curves were quite different from those obtained 
to advantage in several instances. on the annealed material. It is generally 

Our studies have shown that the amoxmt of assumed that normalizing removes all effect 
cold reduction is extremely important in the of prior cold-work, but, as can be seen in 
consideration of factors influencing directional Fig. 8, this was not found to be true when 
properties in strip steel. For example, samples severe cold reductions were used. Material 
of low-carbon rimined steel were obtained after cold-reduced 47 per cent, 73 per cent, and 
cold-reducing various amounts from 47 to 76.5 per cent, normalized at i7oo®F., evi- 
86.5 per cent. Specimens from each cold dently has such a low degree of preferred 
reduction were annealed at i35o®F. and the orientation that the magnetic torque curves 
m^etic torque curves resulting from this obtained were erratic and quite complex. At. 
tr^tment we shown in Fig- 7. A rather 85 and 86 .$ per cent reduction, however, 
complex type curve, possibly the result of magnetic torque curves obtained after norinal- 
superimposition of the rolling and recrystalliza- izing had a chaiacteristic sinusoidal shape and 
tion textures, was formed at the hi^ier cold appreciable amplitude; attempts to lower the,, 
reductions, but in terms of the degree of dhrectionahty of these samples by normaKzing 
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at temperatures up to 201 5®F. were not 
successful. 

It is interesting to note that in terms of the 
maximum amplitude of the torque curve^ the 


tion in box-annealing cycles can* do little to 
change conditions. Normalising cold reduced 
material is expensive and is detrimental to 
surface quality, and therefore this practice is 
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Fig. 9. — Comparison op directionality op annealed and normalized strip steel cold- 

reduced 86.5 PER CENT. 


material cold-reduced 86.5 per cent apparently 
had slightly more pronounced preferred 
orientation after normalizing than after 
annealing; a comparison of the torque curves 
for each heat-treatment is shown in Fig. 9. 

Additional studies on heat-treatment of 
cold-reduced strip steel showed that the 
degree of orientation remaining after box 
annealing is not subject to a great deal of 
control by variation of the annealing tem- 
perature. Samples with varying degrees of cold 
reduction were tested after annealing at 
temperatures ranging from 750® to i5So°F. It 
was found that annealing temperatures higher 
than that necessary for reoystallization had 
no appreciable effect on the orientation 
establi^ed at the minimum recrystallization 
temperature. For all degrees of cold reduction 
studded, the magnetic torque curves obtained 
after annealing at i55o®F. were essentially the 
same as those obtained at io5o®F. 

It is evident from these results that the 
directional properties of cold-reduced strip 
steel a!re fbmd after cold-rolling and that vaiia/* 


not usually a practical means of producing low 
directionality. Since variations in annealing 
cycles can do little to change the conditions 
in so far as directionality is concerned, in 
order to control the orientation of the finished 
product necessary corrective measures must 
be taken at some earlier step in the processing 
of the steel. It is probable that in many cases 
changing the amount of cold reduction will 
give' a satisfactory product, but in order to 
predict in what direction a change should be 
made, the effect of cold reduction on the 
orientation of the final product must be fully 
understood. 

Since changing the amount of cold reduction 
necessarily changes the hot band gauge for 
any particular application, the effect of varia- 
tions in hot-rollhig practice should also be 
known. It has been ^own in Fig. i that the 
degtee of orientation of cold-reduced steel is 
'infiueaoed by the extent of preferred orienta- 
tions before cold-rolling. Hot rolling produces 
prefearted orientatiori, and it is probable that 
variatiozis in hotelling practice will result 
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in variations in the hot-rolled texture. The 
rate of cooling after hot-rolling may also affect 
the directionality of the hot-rolled material, 
and thus influence the orientation of the fln- 


and seems to be the result of superimposition 
of the 45® ear curve and the go® ear curve. 

There are, of course, other instances where 
magnetic torque testing can be used to prac- 



iN DEGREES 

Fig. io. — Relationship between magnetic torque characteristics and “earing ” in deep- 

drawn CUPS. 


i^ed strip. The effect of these and other 
processing variables are not known and more 
information would be welcome. 

A recent application for the magnetic torque 
test has been in a study of “earing” in drawing 
small cups from cold-reduced strip steel. 
Samples of steel were obtained, which, on 
cupping, produced ears at 45® to the rolling 
direction, ears at 90® to the rolling direction, 
and also material that did not form ears, 
'laical torque curves for these three types 
of material are shown in Fig, 10. The upper 
torque curve and 45® ears were associated 
with low reductions in cold-rolling; that is, 
about 30 or 35 per cent. The lower torque 
curve and the 90® ears were encountered at 
cold reductions over about 50 or 55 per cent. ‘ 
Sat^actoiy material, obtained at intermediate 
cold reductions, generally had torque charac- 
teristics shown in the middle curve of Fig. 4 


tical advantage The subject of directional 
properties is a large one and one that needs 
considerable study. With the practical ap- 
proach to a study of directionality offered by 
the magnetic torque test, it is hoped that the 
full significance of this fundamental property 
of sheet and strip steel will be more universally 
recognized and that further study will be 
encouraged. 

W. M. Saunders, Jr.,* Providence, R. I.— 
This paper should be of great value to the 
producer of strip steel for deep drawing, and 
the author is to be ^congratulated on publidring 
the magnetic torque balance, a fairly recent 
new tool for the metallurgist. He has also 
furnished quantitative figures for degree of 


* With W^ter M._Saunders, Analytical and 
Consulting Chemist. 
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orientation, whicli have previously been 
described in a qualitative way. 

About five years ago, using the magnetic 
torque balance constructed by Dr. L. P. 
Tarasov in Professor Bitter’s laboratory at 
Massachusetts Institute of Technology, some 
unpublished research^^ disclosed that earing 
of low-carbon steel, a phenomenon due to 
directional properties, could be predicted by 
torque measurements on the strip before 
cupping. Whenever a torque curve like that 
shown as type 11 in Fig. 2 was found in a 
certain strip, ears at 45® to the rolling direction 
resulted when the strip was cupped. A torque 
curve like t3q)e III existed in all strip that 
drew with 90° ears. Freedom from ears was 
always obtained when random orientations 
from normalizing were indicated by torque 
measurements, and also with strip showing a 
curve like type I. Correlation of type of ears, 
either 45®, 90® or none, with torque curves on 
many samples from commercial cold-roUed 
strip, as supplied in the annealed state ready 
for deep drawing, seldom revealed a curve 
like type I. For the very few where such a 
curve was found, no ears formed on cupping, 
but attempts to duplicate reductions, annealing 
times, and temperatures, on subsequent heats 
of steel were unsuccessful in obtaining con- 
sistently a curve like type I. Almost invariably 
commercial cold-rolled strip from several 
sources of supply showed a recrystallization 
orientation like type III. likewise type II, the 
cold-rolled structure, was never encountered 
except experimentally. 

In view of the large number of samples that 
showed a recrystallization structure, obtained 
by cold-rolling in the range of 50 to 80 per cent, 
and subsequently annealing at 1150® to 
i 32S°F. (621® to 7 i 8®C.), it does not appear 
probable that the type I curve will be present 
in many commercial steels. It would be sur- 
prising, therefore, if other heats of steel than 
the one Mr. Stanley used should give a torque 
curve like type I when annealed at 7oo®C., 
following commercial practice. In fact, the 
research referred to definitely established that 
a torque curve like type II resulted from 
recrystallizing at low temperatures of around 
iooo®F. (538®C.) and type III represented 

W. M. Saunders, Jr. : Earing of Low-carbon 
Steel. Doctor’s Thesis, M. I. T., 1939. 


the texture when recrystallizing at iioo®F. 
(S93°C.) when the same annealing time was 
given. The change from the cold-rolled to 
reoystallization orientation takes place at a 
critical time and temperature, which was 
found to vary with different heats of steel, 
all cold-rolled commercially with the same cold 
reductions Such a phenomenon must account 
for the extraordinary case where ear-free 
strip is produced, when annealing time and 
temperature happened to result in hitting 
the cntical point where the cold-rolled and 
recrystallization orientations canceled each 
other in their effect on ear formation. 

Normalizing definitely eliminates ears, and 
it was also found that no ears resulted from 
strip cold-reduced 50 per cent, normalized, 
and then cold-reduced 30 per cent more. 
Such a treatment gave a torque curve like 
tjrpe I, and is confirmed by Mr. Stanley’s work. 

An interesting corollary of this work is 
that a simple cupping press may be used 
instead of the magnetic torque equipment. 
As previously mentioned, if 45° ears are found 
on cups, an orientation like type II is indicated, 
and with 90° ears, type III must be present. 
With no ears, either t3pe I is present, which 
is not common in strip produced commercially, 
or the strip has been normalized. 

S. Siegel,* East Pittsburgh, Pa. — The 
author’s paper is an interesting application to 
other problems of a method that has been used 
principally for studying preferred orientations 
in materials of interest for magnetic purposes, 
such as electrical sheet iron. 

As he points out, in a case as general as that 
which is the subject of the paper, little informa- 
tion can be obtained from the use of the 
magnetic torque method alone. This situation 
arises from the fact that there are many more 
unknowns than the number of independent 
data. In the expression for the torque per unit 
volume 


T =* — 2K1 2) (An sin ind + Bn cos 2n6) 
1,2 



1.2,3 


there are in all 10 constants, iln . . . D*. 
However, the relative magnitudes of Ki and 

• Magnetic Department, Westinghouse Elec- 
tric and Manufacturing Company, 
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A’a in iron are such that the effect of A's on 
an experimental torque curve is small, which 
reduces the number of constants to only four, 
. 4 1,1., B\,i. In addition, the symmetry of the 
rolling process requires that the rolling direc- 
tion be a direction of symmetry, and that the 
rolling plane be a plane of symmetry. This 
requirement removes the possibility of having 
any appreciable cosine terms if the grain size 
is small enough so that the disk is a repre- 
sentative sample. Hence any experimental 
torque curve can yield at most two constants, 
^ 4 i and ria- 

In a polycrystalline sample, viith no other 
knowledge of orientations available, each 
orientation present really requires three pieces 
of data to determine it completely; for example, 
its rolling plane, rolling direction, and the 
relative population of this orientation type 
When many t3T)es of orientation may be 
present in a single sample, the large amount 
of data required for a complete analysis is 
apparent. In the X-ray method of determining 
pole figures, each film gives some information, 
but many pictures, at various angles to the 
rolling plane, must be taken to get a complete 
story. In the magnetic method, the torque 
curve on a disk from the sheet gives only one 
“picture,’* and by the nature of the method it 
is difficult to prepare samples cut from inclined 
planes. 

There are simple examples, however, in 
which the torque curve can give quantitative 
information by itself or in conjunction with 
other simple measurements. Thus curves of 
t3npe II do indicate that the principal orienta- 
tion present is (loo) [iio] and it is possible to 
determine the fraction of the material so 
oriented and the fraction randomly oriented. 
Similarly, in well-developed reciystallized 
orientations in Fe-Si sheets, the torque curves 
indicate that the principal orientation is 
(iio)[ooi], and when the constants Ai and .42 
are combined vidth data for the permeability, 
at lo oersteds, in the rolling direction, it is 
possible to determine the spread of orientation 
present around the principal (iio)[ooi] orienta- 
tion. In such cases magnetic measurements 
alone give fairly complete information on 
orientations present. 

It may be worth while to point out that the 
torque per unit volume, given by Eq. A, is 
the asymptotic value attained for a very large 


applied field. In finite fields the torque depends 
on the true field in the specimen, which is the 
applied field minus the demagnetizing field. 

All of the data reported by the author were 
taken at an applied field of 2250 oersteds. The 
data are taken on disks that vary in thickness 
from 0060 to 0006 in., over this range of 
thickness the demagnetizing field varies from 
940 to 100, and the true field in the disk from 
1300 to 2150. With this variation in true field 
there would be a variation in torque per unit 
volume, for disks of identical orientation dis- 
tribution but varying thickness, of the order 
of 15 per cent The curves of Fig. 3, therefore, 
should have a concave curvature upward, the 
points for the large thickness being raised by 
about 15 per cent While the linearity of these 
curves should thus not be taken too seriously, 
the data do, of course, indicate a monotonic 
rise of orientation with cold-work 

For the same reason the maxima in Figs. 
4, 5, and 6 may require a slight shift to the 
right, by at most a few per cent in reduction 
of thickness 

J K. Stanley (author’s reply). — The author 
appreciates Mr. Tarasov’s statement that the 
use of the maximum amplitude is a convenient 
measure of torque diagrams showing changes 
in orientation but that it is not as rigorous an 
expression of such changes as the more tedious 
determination of the coefficients Ai and A 2. 
The author’s paper was intended primarily to 
show how information obtained from magnetic 
torque curves could be used in a simple manner 
to give useful information about changes going 
on in steel with various metallurgical treat- 
ments. Such information accurately expressed 
in the equations as mentioned by Mr. Tarasov 
is harder to interpret especially to the uniniti- 
ated so that the full benefit of the torque 
analysis would not be obtained. 

Mr. Tarasov makes a suggestion that per- 
haps “orientation factor” might be a more 
noncommittal term to use for “degree of 
orientation ” It appears immaterial whether 
one talks about “orientation factor” or 
“degree of orientation” as long as the readers 
understand that it is an abbreviation, as Mr. 
Tarasov says, for “apparent degree of orienta- 
tion as detected by the magnetic torque 
method.” 
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The data on silicon iron presented by Mr. 
Tarasov is similar to the experience on silicon 
iron at Westinghouse Mr Tarasov finds no 
significant change in torque diagrams in his 
silicon iron by annealing it i to 24 hr. Our 
experience shows that little change can be 
expected in 3.25 per cent silicon iron even at 
100 hr. at 700° and 800° but changes do take 
place at 9oo°C and higher, with increasing 
rapidity the higher the temperature. 

Mr. Tarasov discusses silicon steel but 
apparently he has in mind a commercial 
magnetic silicon iron, since steel is defined as 
an alloy of iron, carbon, and manganese. High- 
grade magnetic materials usually contain 
extremely small amounts of carbon and 
manganese compared with the true silicon 
steels used for engineering purposes 

The discussion offered by Messrs G. H 
Enzian and W. M Saunders, Jr. is appreciated 
because of their familiarity with strip steel 
manufacture 

Mr. Enzian shows that normalizing a cold- 
reduced low-carbon rimming steel from 925° 
and also from iioo®C. does not eliminate the 
preferred orientation The author, on the basis 
of his work, would think that normalizing 
would eliminate the orientation, inasmuch as 
cold-worked steel, and steel with a good 
recrystaUization texture, when heated to 
iooo®C. and furnace-cooled does have random 
orientation. Perhaps the differences between 
furnace cooling and normalizing are respon- 


sible for this discrepancy. W. M. Saunders, Jr. 
implies just the opposite, by his statements that 
“normalizing definitely eliminates ears . . ” 
and “freedom from ears was always obtained 
when random orientations from normalizing 
were indicated by torque measurements . . . ” 

Mr. Enzian says that anneahng the cold- 
rolled strip from the lowest temperature 
required for recrystallization (565° to 845°C.) 
showed the magnetic torque curves to be 
essentially the same He fails to give the 
annealing times, which may have something 
to do with the fact that no differences were 
noted, which is not in accordance with the 
author’s findings 

A statement is made by Mr. Enzian with 
respect to possibility that the hot-rolling 
orientations existing before rolling are impor- 
tant in determining the degree of orientation. 
This observation is corroborated by the 
author’s observations on silicon irons, where a 
correlation was found between the hot-rolling 
orientation and the subsequent recrystalhza- 
tion orientation. 

The discussions of Messrs Enzian and 
Saunders on the relationship of earing, due to 
preferred orientation, in deep drawing show 
how the torque method can be used in practical 
problems. 

The limitations of the torque method as 
used, discussed by Dr. Siegel, should be borne 
in mind by those contemplating the use of 
such instruments. 



Recrystallization and Twin Relationships in Silicon Ferrite 

By C. G. Dunn,* Member A I.M.E. 

CXew York Meeting, February 1944) 


Many investigations have been made 
concerning the nature of plastic deforma- 
tion and recrystallization of metals either 
in the form of polycrystalline materials 
or in the form of single crystals. However, 
similar work on strip materials composed 
of large grains as thick as the strip and 
having a high degree of preferred crystal 
orientation has not been carried out 
extensively. Such materials are ideal 
not only for studying changes in single 
cr3rstals under conditions where neighboring 
grains exert their influences but also for 
obtaining the complete change in orienta- 
tion of a grain or group of grains during 
the course of plastic deformation and 
subsequent recrystallization. 

It is well known that first-order twins 
in the form of Neumann bands may be 
produced during the plastic deformation of 
ferrite crystals, particularly silicon ferrite 
crystals.^"® Furthermore, it is believed 
that high-stress regions exist in the 
vicinity of these bands^* and it has been 
said that these banded regions would be 
active in recrystallization processes.® Evi- 
dence to that effect in silicon ferrite had 
already been presented with photomi- 
crographs showing recrystallization among 
Neumann bands during the early stages 
of recrystallization.®-® Similar evidence 
has been published for nonferrous metals,® 
Merging of fine parallel deformation 
bands during annealing to form twin bands 


Manuscript received at the oflace of the 
Institute Nov. 22, 1943. Issued as T.P. 1691 in 
Metals Technology, February 1944. 

• Research Physicist, Pittsfield Works 
Laboratory, Genei^ Electric Co., Pittsfield, 
Massachusetts. 

1 References are at the end of the paper. 
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of ordinary appearance in alpha brass 
has been offered not only as evidence of an 
active role being played by mechanical 
twins but also as evidence that such twins 
existed prior to recrystallization.® Proof 
that such new structures are actually 
first-order twins, or even twins at all, must 
be considered inadequate except for those 
cases where X-ray or optical data have 
been obtained to confirm the necessary 
orientation relationship.^-® A. B. Greninger 
has obtained excellent illustrations of 
annealing twins in alpha iron.® Since 
his material was previously deformed by 
sharp hammering, a process that generally 
induces Neumann bands, the existence 
of twins following annealing might suggest 
that they grew from mechanical twins. 
In connection with transformation twins 
in alpha iron, Greninger reported that 
grains containing three twin orientations 
occurred rarely and none occurred with 
three sets of well-developed bands.® 

The work at the Pittsfield Works 
Laboratory on silicon ferrite in the form 
of large-grained strip steel deformed a 
small amount and annealed to partially 
recrystallize the grains indicates that 
the deformation and recrystallization proc- 
esses that lead to annealing twins involve 
more complex processes than the formation 
of Neumann bands and the growth of such 
bands. Some groups of annealing twins 
are obtained which contain not only three 
well-developed twin structures, but also 
contain more than one order of twins. 
It is also shown, in one case, that an 
interrelated group of twins did not arise 
within one single parent grain and, further- 
more, orientations of grains in the group 
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are not consistent with growth of Neumann 
bands within the original deformed grains. 

Although the present work is part of a 
program aimed at establishing a mechanism 
of recrystallization in silicon ferrite, it is 
not possible at this time to do more than 
speculate on the origin of the new orienta- 
tions obtained during recrystallization 
except for the orientations in twin groups 
that are thought to arise by a secondary 
nucleation process. It is, therefore, the 
object of this paper to present some 
groups of twins that have been obtained 
during our work on plastic deformation 
and recrystallization of strip steel and to 
discuss, on the basis of our present in- 
formation, the relationship these groups 
may have with the original material. 

Pbeparation or Specimens and 
Experimental Procedure 

The material used in the present 
investigation was produced by the AUe- 
gheny-Ludlum Steel Corporation by cold- 
rolling processes that develop a high 
degree of preferred crystal orientation 
in the final annealed silicon-steel strip.^®“^^ 
This material, 0.008 in, thick, contained: 
3.45 per cent Si; 0.008 C; 0.008 P; 0.020 S; 
0.075 Mn; 0.031 Al and 0.072 Cu. 

To illustrate results on twin relationships 
obtained in this laboratory, most of the 
data will be those on two specimens 
designated RW2 and RW3; other speci- 
mens will be referred to in the section on 
results and interpretations only for points 
of special interest. Specimen RW2 was 
photographed after being very lightly 
etched with dilute nitric add to develop 
the grain structure. Fig. i shows a portion 
of the original 6 by 2-ln. spedmen. 

Transmission Laue diffraction patterns 
were then obtained on about 60 grains in 
several areas of this specimen, in order to 
determine the orientations of the grains. 
Orientations were determined with the 
aid of a Wulff net after certain reflection 
spots in the diffraction patterns had been 



Fig. I. — Specimen RW2, showing grain 
appearance op high orientation smcoN- 

STEEL STRIP. X 3.6. 

Fig. 2. — Specimen RW2, showing extent 
op recrystallization that occurred during 
900® anneal. Same area as shown in Fig. i. 
X3. 

Fig. 3. — Specimen RW3, showing group 
op recrystallized grains among old ones 
AFTER 900®C. ANNEAL. X 3 .$. 

Original magnifications given. Reduced about 
one third in reproduction. 
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identified, using standard diffraction pat- 
terns for various orientations of the 
body-centered cubic lattice.^®* Except 
for the cold-rolling schedule, no data 


Photographs were taken of the recrystal- 
lized areas (Figs. 2 and 3). 

Recrystallized and unrecrystallized grains 
were then X-rayed to obtain their orienta- 



^ Fig. 4.— Old and new geains in specimen RW2. 

Old and new grain boundaries are given by broken and solid lines, respectively. Numbers refer to 

old grains; letters to new grains. 


prior to reciyrstallization were taken for 
specimen RW3. Cold-rolling was carried 
out on a mill having 8-in diameter rolls 
in an x direction, which coincided with the 
original roll direction used in the production 
of the strip steel. Schedules were as 
follows: RW2 reduced 2.5 per cent in 
thickness in six passes; RW3 reduced 
2.5 per cent in one pass. X-ray data were 
obtained on specimen RW2 to note the 
effect of the cold-work. Both specimens 
were then annealed by raising the tempera- 
ture uniformly from 500® to goo^C. in 
20 hr., the aim being to obtain early 
stages of recrystallization. An atmosphere 
of pure, dry hydrogen was used during 
this anneal. Both specimens were lightly 
etched with dilute nitric acid, to reveal 
areas where reciystallization had occurred. 


There is a general mix-up of positive and 
negative numbers in these standard Laue- 
^phs and there are several errors in the 
indexing of diffraction spots according to form 
of plane involved. 


tions and the condition or shape of their 
respective Laue diffraction spots. Orienta- 
tions of the new grains were determined 
in the manner described above except 
that, instead of using a Wulff net, the 
orientations of the cube poles were cal- 
culated directly from the positions of 
two or three diffraction spots on each 
film. 

Since recrystallization appeared to be 
incomplete, heat-treatments at higher tem- 
peratures were given to both these speci- 
mens, to see whether the new grains would 
grow at the expense of the old ones and 
what sort of recovery of the old grains 
would occur. The first treatment was an 
ii75®C. 2-hr. anneal in pure, dry hydrogen. 
Specimen RW3 was then annealed again 
for 2 hr. at i3oo®C. 

Following the ii75®C. anneal, measure- 
ments were made of the directions of 
grain-boundary lines in the surface of 
specimen RW2 and also in the surfaces 
formed by cutting through the recrys- 
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tallized grains in the x direction. These 
angle measurements were rather qualita- 
tive, because the grain boundaries did 
not form good straight lines. Nevertheless, 



Fig. 5. — ( 100} POLES of old grains of speci- 
men RW2 PLOTTED ON A WULFF NET USING 
DATA OF Table i. 


they indicated the presence of {112} 
composition planes. 

Experimental Results 

Fig. I shows typical grain structures 
of the material before cold-rolling. Fig. 2 
shows the same area of this specimen 
following partial recrystallization in an 
anneal that reached 900° C. The exact 
change in grain structure is shown sche- 
matically in Fig. 4 by a superposition of 
initial and final grain structures. Old 
grains are designated by numbers, new 
grains by letters. Prime marks on a letter 
serve to identify grains in a group of 
common orientation. For example, grains 
A' and A'" have the same orientation 
as grain A, Such common orientations 
were established optically and by X-ray 
diffraction methods. Data on orientations 
therefore are listed only according to 
letters and numbers. 

Grain-orientation data are given in 
terms of the three cube-edge directions 


or the {100} poles of the crystal lattice. 
Although two directions of this type are 
sufScient to determine the orientation of a 
grain, three are given so that the data may 



Fig. 6. — froo} poles of new grains of 
SPECIMEN RW2 plotted ON A WULFF NET 
USING DATA OF TaBLE 2. 


be plotted directly on a stereographic net. 
Rectangular coordinate directions X, 
F, Z coincide with rolling direction, 
cross-rolling direction and the normal 
to the surface of a sample, respectively. 
Consequently, Wulff-net coordinates 6 
and <l> are equivalent to the angle variables 
used in the following transformation 
equations from X, F, Z coordinates to r, 
<l> coordinates, with r fixed as the radius 
of the reference sphere (also radius of the 
Wulff net). 

X ~ r cos 0 
F — r sin 0 cos <l> 

Z « r sin ^ sin 0 

(This gives 6 — o when X — r- and 
0 = 0 when F = r sin 6 and Z = o.) 

Data on the orientations of old grains 
in specimen RW2 are given in Table i. 
They are plotted in stereographic projec- 
tion form as shown in Fig. 5. The orienta- 
tions were determined either before or 
after recrvstallization. For examole, X-rav 
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data on grains i, 2, 3, 4, 7 and others undetermined. Orientations for old grains 
were taken before heat-treating, and on in specimen RW3 were obtained after 
grains such as No. 17, which were partially the goo^C. anneal. 

Table i. — Orientations of Grains Prior to Recrystallization, Specimen RW2 

WULFF NET COORDINATES GIVE POSITIONS OP {lOo} POLES 



Table 2. — Orientations of Recrystallized Grains and Their Calculated Four First-order {112} 

Type Twins, Specimen RW 2 

WULFP NET COORDINATES GIVE POSITIONS OP {lOo} POLES 



recrystallized, after the first anneal. Un- Data on the orientation of new grains 
fortunately, recrystallization had proceeded or structures of specimen RW2 are given 
too far to obtain the orientations of in Table 2 and plotted in Fig. 6. To 
grains 5, 6, and 8, which previously were facilitate the analysis of these grains, 
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the orientations of all first-order {112} 
type twins of grains A, B, D and E 
were calculated and the results listed in 
Table 2. 

Fig. 3 shows the appearance of specimen 
RW3 after partial recrystallization. Fig. 7 


Table 4. Fig. 9 is the pole-figure plot of 
these observed grains. 

Results and Interpretations 

Angles of vanation between cube poles 
of observed grains and those calculated to 



Fig. 7. — Diagram op new grains surrounded by old ones in specimen RW3, 
Boundaries of old and new grains are given by broken and solid lines, respectively. Numbers refer 
to old grains; letters to new grains. 


Table 3. — Orientation of Old Grain Material, Specimen RWz 

WULPP NET coordinates GIVE POSITIONS OP {lOo} POLES 


Gram 

No. 

Orientation 

Grain 

No. 

Orientation 

Grain 

No. 

Onentation 

$ 

4 > 


0 

0 


I 

16 S 

171 0 

5 

6 5 

20.0 

9 

166 5 

10 0 


80 5 

44 S 


96 s 

31. S 


79 0 

49.0 


103 0 

132.0 


88 5 

121 5 


98 0 

137 0 

2 

0 0 

0 0 

6 

170 . s 

9 0 

10 

7 S 

40 0 


90 0 

45 0 


81 5 

38 s 


97 0 

36 s 


90 0 

13s 0 


P 4 .S 

ia8 0 


90 5 

126 5 

3 

170 5 

25 0 

7 

4 0 

102 0 

II 

12 0 

11 0 


80 5 

30 5 


91 5 

39 0 


100.5 

39 0 


90 0 

120 5 


93.0 

129 0 


85 0 

128.0 

4 

173 0 

65.0 

8 

12 0 

143 0 





!i * 

37.0 


84 0 

26 0 





86 0 

1 127 S 


100 0 

I15.0 





shows the extent of this recrystallization, 
old grains as before being designated by 
numbers and new grains by letters. 
Orientations of old grains immediately 
surrounding the new are given in Table 3 
and in stereographic form in Fig. 8. 
Orientations of new grains and their 
respective calculated twins are given in 


satisfy the twin relationship are given 
in Table 5. These angles were obtained 
in the standard way with the aid of a 
Wulff net and they average somewhat 
less than a degree for the two groups of 
grains. This close agreement, within 
our limits of error, indcates that twin 
relationships exist throughout the entire 
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group of new grains in each of these 
samples. The exact orientation relation- 
ships are shown schematically as follows, 
the hyphen standing for tii2l twin: 

E 

A-B B~A 

\ / i 

C C E 

Specimen R\V2 Specbcen RW3. 

If grains or particles were being repre- 
sented, a more complex diagram would be 
required to include everything in each 
group. 


may be concluded that these groups are 
composed of 1 1 1 2 } twins. 

On the other hand, no first-order {112} 
twin relationships were found between 
old and new grains in spite of the fact 
that data for specimen RW2 include three 
new orienta ions within areas originally 
occupied by grains 19, 14 and 9, two 
orientations within each of six grains 
such as No. i, and one orientation in each 
of the remaining seven grains. Although 
twin 3 of in RW2 has an orientation 
that would fall within the area of spots 
shown in Fig. 5, it does not agree well 
with any of the observed old grains. A 
somewhat similar statement applies for 
twin s of A of specimen RW3, except that 


Table 4. — Orientations of Recrystallized Grains and Their Calculated Four First-order { 112 } 

Type Twins, Specimen RW2, 

WUIPF NET COORDINATES GIVE POSITIONS OF {lOo} POLES 


Gram 

Observed Crystal 

Twin I 

Twin 2 

Twin 3 

Twin 4 

8 


8 


8 

<!> 

8 

* 

8 


E 

5 

139 9 

154 7 

165 0 

x6o 3 

42 3 

84 6 

71 5 

117 0 

151 5 


6s 6 

25 X 

112 2 

13 0 

2 X 6 

57 5 

91 5 

161 3 

S 8 7 

79 7 


127 6 

95 2 

79 6 

98 5 

95 3 

134 3 

174 7 

56 8 

135 7 

29 5 

A 

ISS 3 

l6s 5 

47 7 

139 3 

S 3 4 

53 5 

III 3 

13s 6 

32 X 

103 7 


1x2 5 

12 5 

05 7 

25 2 

143 2 

61. S 

23 4 

162 2 

107 I 

164. 1 

B 

80 I 

98 2 

128 0 

94 6 

86 I 

146.4 

80 4 

49 3 

116 I 

6S 5 

53 9 

53 7 

154 I 

l6s 0 

106 9 

102 7 

39 8 

158 6 

133 7 

13s 8 


142 3 


III 6 

12 5 

19 6 

122 3 

128 4 

172 1 

98 7 

37 2 


86 8 

X46 8 

80 6 

98 8 

H 1 

14 I 

96 6 

76 9 

45 9 

X19 2 

C 

106 5 

102 5 

53 2 

S 3 7 

i 116 6 

SI 6 

124 6 

152 9 

79 I 

62 4 


17 4 

X 2 I 4 

142 7 

61 9 

37 9 

I 8 

132 3 

24 0 

6 l I 

158 S 


84 9 

14. 1 

86 I 

146 6 

65 4 

X28 3 

6 x.s 

84 7 

148 9 

134 0 

D 

39 4 

158 9 

S2 8 

53 4 

85 I 

29 5 

103 I 

124 8 

138 3 

104 3 


128 5 

171 3 

142 7 

61 3 

165 I 

100 2 

26 5 

63 0 

97 9 

5 2 


96 I 

76 4 

86 2 

146 4 

76 2 

120 7 

112 3 

29 3 

49 2 

88 5 


These diagrams show that B has three 
first-order twins, A, C and D, and one 
second-order twin, E. E in the group for 
specimen RW2 may be called a third-order 
twin of A or C. 

The orientation relationships for these 
groups may be visualized with the aid of 
the pole figures shown in Figs. 6 and 9. 
In the section on experimental procedure, 
qualitative data on the composition planes 
were reported as {112} for RW2, and 
since it is well known that twins in alpha 
iron have I112} composition planes, it 


in this case the orientation of this twin 
would fall slightly out of the area of spots 
shown in Fig. 8. In any event, there are 
other orientations, such as B, C and D, 
which cannot be obtained from the original 
structure through a first-order {112} twin 
transformation. 

It might be of interest to consider the 
possibility of relationships involving twins 
of higher order. For example, some 
interesting data on change in orientation 
have been obtained in a sample pulled 
8 per cent in tension and annealed at 
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9oo®C. Partial recrystallization of the 
sample occurred entirely within an old 
grain among Neumann bands which 


Table 5. — Data from Tables 2 and 3 Re- 
arranged to Show Twin RdaiionshipSy 
Specimens RW 2 and RWs 



Observed 


Calculated 

Angle 

Crystal 



Twin 



of Van- 

e 

0 

e 


ation. 

Deg. 


Specimen RW2 


A 

53 

8 

13 

7 

B-Twin X 

52 

9 

15 

.3 

2 


102 

6 

94 

2 


103 

I 

95 

4 

I 


39 

I 

168 

2 


39 

8 

169 

5 

I 

B 

33 

8 

83 

5 

A- Twin 1 

33 

I 

80 

7 

iH 


I17 

0 

46 

X 


XX7 

7 

45 

I 

X 

B 

107 

3 

145 

2 


X06 

3 

143 

9 

2 

33 

8 

83 

s 

C-Twin X 

33 

7 

81 

0 

I 


117 

0 

46 

I 


1X8 

0 

46 

7' 

X 

B 

107 

3 

145 

2 

D-Twin I 

lOS 

7 

14s 

0 


33 

8 

83 

5 

33 

4 

83 

I 

H 


II7 

0 

46 

X 


II7 

7 

45 

8 

X 


107 

3 

145 

2 


X07 

I 

145 

2 


C 

80 

8 

13 

6 

B-Twin 2 

80 

2 

li 

2 

1 


164 

7 

72 

2 


165 

X 

2 

I>2 

1 

77 

I 

los 

7 


78 

0 

106 

3 

X 

D 

ISS 

0 

149 

8 

B-Twin 3 

156 

I 

148 

5 

I 


67 

0 

172 

4 


67 

3 

172 

8 



81 

4 

78 

7 


8x 

0 

78 

7 

H 

D 

iSS 

0 

149 

8 

E-Twin I 


7 

149 

2 

X 


67 

0 

172 

4 


0 

X72 

9 

X 


8x 

4 

78, 

7 


8x 

0 

78 

9 


E 

j8 

0 

I18 

8 

D-Twin 2 

48 

4 

X18 

7 



07 

0 

6 3 


66 

8 

6 

2 



129 

I 

76 

X 

G-Twin X 

X29 

5 

75 

6 

X 

19 

2 

5 

0 

0 

7 

0 

12 

0 

aH 


87 

5 

140 

5 


86 

0 

139 

5 

2 


92 

0 

51 

0 


95 

5 

50 

0 

4 


Specimen RW3 


A 

155 3 

i6s 5 

B-Twin I 

154 I 

x6s 0 

iH 


1x2 5 

12 5 


XXI 6 

5 

I 


80 I 

98 2 


80 6 

98 8 

1 

A 

155 3 

i6s 5 

E-Twin I 

154 7 

165.0 



xxa 5 

12 s 


112 2 

13 0 


B 

80 I 

98 2 


79 6 

98 5 

H 

53 9 

S 3 7 

A-Twin 2 

S 3 4 

53 5 




61 0 


143 2 
86 I 

6x 5 

il 


1^6.8 


146 4 

H 

B 

53 9 

S 3 7 

C-Twin X 

53 2 

S 3 7 



142 3 

6x.o 


142 7 

6 x 9 

H 


86 8 

X46 8 

D-Twin X 

86 X 

146 6 

^-2 

B 

53 9 

S 3 7 

52 8 

S 3 4 

I 


X42 3 

61 0 


142.7 

6 x 3 

li 


86 8 

146 8 

B-Twin 2 

86 2 

146 4 

C 

106 5 

102 5 

106 9 

102 7 



17.4 

I2X 4 


19 6 

122 3 

2 


84 9 

14. 1 

B-Twin 3 

84 5 

14. 1 

11 

D 

39 4 

158 9 

39 8 

158.6 


X28.5 

171.3 


128 4 

172 X 

I 

£ 

96. x 

76.4 

A-Twin I 

96 0 

76 9 

H 

ill 

139 9 

47 7 

139 3 



2$. I 


65 7 

25 2 



127 6 

95 2 


128.0 

94 6 



were formed in the deformation process. 
Relationship of new orientation to old 
was that of a third-order twin except for 


a small angle of variation. This is based 
on the fact that old and new grains had a 
common {110} plane within error of 
analysis and a measured angle of 28® 



Fig. 8. — {loo} poles op old grains of 
SPECIMEN RW3 ploti;;ed on a Wulff net 
using data op Table 3. 



Fig. 9.— {100} POLES op new grains op 

SPEaMEN RW3 PLOTTED ON A WULPP NET USING 
DATA OP Table 4. 


corresponding to a rotation of the lattice 
about a <iio> direction normal to the 
common {110} plane (in a third-order 
twin of this type the angle would be 



3^0 RECRYSTALLIZATION AND TWIN 

3i®36')-t The 3}^° difference can be 
accounted for in terms of the range of 
orientation of the deformed old grain. 
Some changes in orientation that occurred 
during recrj^tallization in specimens RW3 
and RW2 according to Figs. 5, 6, 8 and 9 
are consistent with high-order twin trans- 
formations. To illustrate this, consider 
an orientation B* having threefold sym- 
metry ([ill] direction along the ^-axis) 
with a [Tio] direction along the F-axis; 
this orientation being very near B of 
R\V2. The four twin orientations of B* 
(. 4 *, C*, D* and F*) would be similar to 
A, C, D and B of RW2, respectively, 
except that B would have to be rotated 
180° about the Z-axis. F* would have the 
[ill] direction along the Z-axis and the 
[Tio] direction along the negative F-axis. 
Starting with B* and F* and restricting 
the number of axes of rotation (<iio> 
type) to two, it is possible to derive six 
second or third-order twin orientations, 
which fall within the observed areas shown 
in Fig. 5. On the basis of close similarity 
of our groups to this one, it might be 
reasonable to think that second or third- 
order twin relationships existed between 
the old and some of the new orientations 
of specimens RW2 and RW3. However, 
a real twin relationship would require 
agreement in terms of individual grains 
of the old material. Our samples are in- 
complete in this respect, since grains 5, 6 
and 8 in RW2 were not observed, and 
some old grains in RW3 may have com- 
pletely disappeared during recrystalliza- 
tion. Nevertheless, it is interesting to 
note a relationship that was found in 
specimen RW2, involving old grain No. 19. 
Table 2 gives data on the orientation of 
twins showing that the orientation of 
grain B is near that of a third-order twin 
of grain No. 19. For simplicity in describing 
the series, the twins and their orientations 


t Slip in a [iiT] direction in a { iia } plane will 
rotate the lattice 109*28' or 70*32' about a 
[TioJ direction for each stage of twinning. 


RELATIONSHIPS IN SILICON FERRITE 

are designated as follows: F, twin 4 of F; 
G, twin 2 of F; No. 19, near twin i of G. 
The orientation of grain 19 differs from 
twin I of C? by a maximum variation of 
(see Table 5). Although a deviation 
of this amount may be partly due to a 
spread in orientation of the deformed 
grains (about 3® according to asterism of 
Laue spots and about 43^° in regions 
containing Neumann bands as shown by 
our X-ray studies of these bands), there 
is disagreement beyond the errors of 
analysis in the {110} plane, which grains 
B and No. 19 should have in common. 
The disagreement, however, may arise 
from distortion of the old grain in some 
way. The relationship of the new grains 
to the old in specimen RW2 according to 
this picture is shown schematically as 
follows: 

E 

/ 

D 

/ 

a-b-E-C©- 19 

\ 

c 

Missing twins F and G (see Table 2) 
permit linkage with old grain No. 19. 

It is interesting to speculate about the 
relationship between old and new grains 
in terms of a mechanism of recrystallization 
involving nucleation according to twin 
relationships or by growth of second or 
third-order (112} deformation twins. Such 
deformation twins might develop within 
Neumann bands or at the intersection 
points of certain Neumann bands during 
plastic deformation. These bands may be 
present in various ways in the deformed 
grains of our samples. Fig. 10 gives an 
illustrative example showing intersecting 
Neumann bands for strip steel of the 
type used in these experiments. This 
specimen was cold-reduced 4 per cent in 
one pass and given a macroetch with 
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dilute nitric add, to accentuate the banded 
structure that was plainly visible in the 
surface of the rolled sample. Although 
second-order twins have not been observed 


orientation. Fig. 11 gives a similar case 
for a large new grain containing 12 twins 
of common orientation. Comparing the 
large grain with unrecrystallized grains 



Fig. 10. — Illustrative example op Neumann bands produced in silicon-steel strip by 4 per 

CENT REDUCTION IN THICKNESS. MaCROETCH USING NITRIC ACID. X 9 - 


as yet, it is known that they form in metals 
such as antimony^® and zinc.® It is also 
known that Neumann bands sometimes 
play a role in recrystallization of silicon 
ferrite,® and this was brought out in 
connection with our samples pulled in 
tension. We might, therefore, speculate 
on the possibility that our new orientations 
began through growth of suitable twins, 
probably second or third-order, formed 
during the plastic deformation process. 

However, a speculation such as this 
would not be enough to account for all 
the orientations obtained during recrys- 
tallization. For instance, there are widely 
separated grains or partides such &s A, A', 
and i 4 '" in RW2 which have a common 


in the adjacent upper left portion of the 
photograph, it appears likely that the 
island grains formed in widely separated 
grains of the original material. These 
new grains or partides of common orienta- 
tion are not easy to account for except 
on the basis of some sort of dependent or 
secondary nudeation arising during growth 
of a new grain and because of this growth. 
For example, referring again to spedmen 
RW2, analysis shows that the nearest 
first-order twin of A to the orientations of 
grains i and 3, grains in which particles 
of orientation A form, is 10® to 13° off in 
terms of directions of cube poles. Con- 
versely, no first-order twin of grains i 
and 3 would fit within 10® as a first-order 
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twin of grain B. Nevertheless, such first- 
order twins in the form of Neumann 
bands might play a role in the nucleation 
of material of orientation A through 



Fig. II. — Sample of strip steel coj-d-rolled 

II7S®C., TIME UP TO TEMPERATURE BEING 

recovery and adjustments that are brought 
about by the growth of grain B. The 
orientation of D in grains 9 and 14, how- 
ever, could not reasonably arise through 
adjustments of Neumann bands, but 
perhaps could arise through adjustments of 
10® to 14° in second-order twins. 

Mathewson, referring primarily to work 
on single crystals of brass, said: 

It is believed that many and perhaps most of 
the new orientations formed during recrystal- 
lization of these face-centered cubic metals are 
due to complex twinning resulting in strained 
boundaries which permit growth and readjust- 
ment in various forms.* 

It seems more reasonable to suppose 
that the separated grains of common 
orientation in specimen RW2 and the 
sample illustrated in Fig. ii developed 


at the expense of old grains in contact 
with the large new grain than to suppose 
that they formed in an independent 
manner through a fortuitous growth of 



2.5 PER CENT AND ANNEALED FOR 2 HOURS AT 
. HOURS Etched with nitric acid. X 2. 

grains of common orientation or by a 
second partial recrystallization of the 
large new grain. The original orientations 
differ too much from grain to grain to 
permit separate growth of new grains 
having a common orientation, and a 
lattice free of strain (a large recrystallized 
grain) seems an unlikely place for further 
recrystallization. 

If we should attempt to describe the 
growth of a group such as that developed 
in specimen RW2, we would be uncertain 
as to which orientation appeared first on 
recrystallization and uncertain as to 
where it started. However, on the basis 
of the relationship suggested on page 9, 
we might suppose that it started within 
grain No. 19, perhaps near the boundary 
formed with grain 4, through nucleation of 
a grain of orientation B ox C ox A (all 
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three grew within grain No. 19). Further- 
more, it is fairly easy to imagine a hetero- 
geneous growth process that would generate 
the entire group shown in Fig. 4 if second- 
ary nucleation produces grains such as 
those of the D series. For example, if B 
nucleates C in grain 19, C nucleates B 
in grain 4, and B in turn nucleates A 
in grain i and D in grain 14. D in turn 
would then nucleate E in grain 14 and E 
would be a second-order twin of B, Further- 
more, it is worth pointing out that the 
isolated grains in the upper part of grain B 
that are in contact with old grain No. 14 
have the orientation of grain D. The 
appearance of these grains indicates that 
they might join and become part of grain D 
if further growth could be induced. In 
any case, the serrated edges of grain D 
appear to have formed from separate 
nucleation off grain B during the growth 
process. It is also interesting to note that 
grains of orientation A and E do not 
appear to grow very well. Since they have 
orientations somewhat near first-order 
twins of the old grains, the structure 
difference between old and new grains 
may be insufficient to induce rapid growth, 
especially if a composition plane of the 
{112} type should tend to form. Barrett 
says^ that the shifting of atoms from the 
strained matrix to the new grain may 
proceed slowly if the new grain has the 
orientation of the matrix and most rapidly 
if the orientation differs in a certain way. 
A similar statement may apply to twinned 
orientations. In any case, growth should 
be more rapid near Neumann bands 
because our observations indicate greater 
strain or change in orientation of the 
deformed grain near these bands. 

Several effects were found upon anneal- 
ing specimens RW2 and RW3 at high 
temperatures. Although grain B in RW2 
did grow some at the expense of grains 
II and 12, there was very little growth 
of the new grains. This was also true of 
RW3 annealed at i3oo®C. Interesting 


results on recovery of old grains were 
found as shown in Fig. 12. Up to ii7S®C. 
the results are very similar to those 
obtained by Collins and Mathewson^* 
on recrystallization of aluminum single 
crystals. Referring to the series shown in 
Fig. 12, changes in the structure of grains 
can be followed. The sharp Laue diffraction 
spots shown in Figs. 12b and i2d indicate 
that grains of the starting and recrystal- 
lized materials are undeformed single 
crystals. Fig. 12c, however, showing con- 
siderable asterism of a fairly uniform t37pe, 
at least indicates an over-all state of dis- 
tortion in the deformed grain. (Distortions 
due to internal stresses cannot be evaluated 
from the Lauegraph.) When such a grain 
is annealed and recovery processes occur 
instead of recrystallization, it is known 
that internal stresses are relieved or 
partially relieved. Figs, lae and 12/ give 
the appearance of the Laue reflections 
after recovery at 900° and ii75°C., 
respectively. The asterism is now non- 
uniform, and this may be interpreted in 
terms of the development of a macromosaic 
structure within the grain. Fig. i2g shows 
that recovery has proceeded a long way 
toward a perfect single crystal in a grain 
annealed at i3oo°C. However, the reflec- 
tion spot is still nonuniform, and this 
may mean that the grain has a rather 
coarse mosaic structure. 

Because of the role played by strain 
in recrystallization phenomena, it seems 
evident that recovery of the type en- 
countered in our work would oppose 
recrystallization processes. Such a view 
is in agreement with those expressed on 
recovery in aluminum.^® Furthermore, 
our results show that recovery inhibits 
the growth process in recrystallization 
because high-temperature anneals do not 
promote growth to any significant degree. 
In this connection, it is of considerable 
significance that recovery at high tempera- 
ture was more predominant than recrystal- 
lization in specimen RW3. Another in- 
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teresting aspect of recovery was noted 
in the sample illustrated in Fig. ii. Some 
unrecrystallized grains produced Laue 
diffraction spots similar to the one shown 


i300®C. anneal. Furthermore, . 4 ', most 
of A'% i>", D*” and C were absorbed by B. 
Growth of B also removed the serrated 
edges of the residue of . 4 " and of JD'. 




t 



e 



f 


( 




g 


Fig. 12 — laue j^eelections fkom ojlu and new grains after various treatments 

X4. 

Reflection spots are taken from similar regions of ordinary Lauegrams obtained with 45-kv. 
radiation, the radial direction between the images of undeviated and reflected beams being 
horizontal, 

a. Spot from undeviated beam. 

b. Grain before treatment 

c. Grain after 2.5 per cent reduction by rolling. 

d. New or recrystalliz^d giain after 000® anneal. 

e. Residue of partially consumed old grain adjacent to new grain after 900® anneal. 

/. Residue of partially consumed old grain adjacent to new grain after 1175° anneal. 
g. Residue of partially consumed old grain adjacent to new grain after 1300® anneal. 


in Fig. 1 2/ in two kinds of regions as follows : 
(i) area containing lines of Neumann- 
band origin; (2) area free from Neumann- 
band appearance. Furthermore, the Laue- 
grams were essentially the same with no 
extra reflection spots from the area 
containing traces of old Neumann bands. 
This indicates that the recovery process 
has removed all or most of the Neumann- 
band structure. 

Another significant change took place 
during the high-temperature anneals. Struc- 
tures such as . 4 " (Fig. 4) in RW2 were 
absorbed by grain B in the 1175® anneal. 
All of E in grain A of specimen RW3 
(Fig. 7) was absorbed by A during the 


This shows that the twin boundaries 
were not stable. McKeehan,® however, 
showed that twin boundaries were stable 
in ferrite annealed for 3 hr. at 7oo®C. 
We can account for the difference in 
results on the basis of higher atomic 
mobility made possible by the high 
temperatures we used. 

Since these fine twin structures tend to 
disappear through absorption at high 
temperature, we believe that they did 
not form from recrystallized grains and 
that early stages of recrystallization 
should be used in general to observe them. 

Some of our present work is concerned 
with a search for second or third-order 
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twins in deformed grains of silicon ferrite 
and especially in areas where Neumann 
bands intersect. Information on recrystal- 
lization and the role played by mechanical 
twins is being obtained. 

Summary 

1. It has been shown that recrystalliza- 
tion of plastically deformed silicon ferrite 
can produce complex groups of grains or 
particles twin-related through more than 
one order or generation of twins. 

2. Relationships between old and new 
grain orientations are considered on the 
basis of first, second and third-order twins. 
A speculation is made that certain grains 
among the new ones may be derived 
through growth of high-order mechanical 
twins formed in the old grains by plastic 
deformation. 

3. Complicated groups of recrystallized 
grains are shown, which have many 
isolated particles of common orientation 
and which are first-order twins of the 
separating matrix. To account for them 
and the origin of the entire group, some 
iort of secondary nucleation seems neces- 
sary. It has been suggested, therefore, 
that a grain can nucleate a twin orientation 
during its growth and this twin can 
nucleate another twin either of higher or 
lower order. 

4. It has been shown that recovery of 
old grains plays a significant role in the 
recrystallization process. Recovery not 
only inhibits growth of the nucleated 
grains but continues to operate even after 
growth of new grains has stopped. Such 
recovery can proceed far enough to closely 
approximate the original structure prior 
to deformation. Furthermore, Neumann 
bands within deformed grains appear to 
be absorbed during recovery of a grain 
in the neighborhood of i2oo®C. 

5. Twins in the form of small grains or 
particles within a large recrystallized 
grain do not have stable boundaries at 


high temperatures. The large grain in such 
a group usually absorbs the small particles. 
In other cases twin boundaries are changed 
by growth of one grain at the expense of 
the other. 
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Precipitation and Reversion of Gr^hite in Low-carbon Low-alloy 
Steel in the Temperature Range 900° to 1300°F. 

By G. V. Smith,* Junior Member A.I.M E., R. F. Miller,* Member, and C, 0 . Tarr,* 

Junior Member 

(New York Meeting, February 1944) 


Metallurgists have long recognized 
that the FegC type of carbide is not a stable 
phase in steel and that, given sufficient 
time, it will decompose with formation of 
graphite, at least at temperatures below 
about 2 oso®F.^ This slow graphitization 
has never been of much concern to users of 
hypoeutectoid steels, for in such steels it 
occurs only during prolonged exposure at 
elevated temperature. In 193s, Kinzel and 
Moore® reported complete graphitization 
of the carbide of a 0.15 per cent carbon steel 
that had been in service for about 26,000 
hr. at a temperature of about 1100® to 
i2oo®F. In discussing this paper, both 
Mathews and Sauveur reported graphitiza- 
tion of slightly hypereutectoid steels. In an 
extensive investigation of graphitization of 
high-purity iron-carbon alloys, Wells^ pro- 
duced graphite at 7oo®C. (i29o°F.) in an 
alloy containing as little as 0.13 per cent 
carbon, and showed that graphite may 
precipitate either directly from austenite or 
from decomposition of FesC, also that the 
rate of graphitization tends to increase 
with increase of temperature, at least up to 
a certain point, and with the presence of 
graphite nuclei. 

Jenkins, Mellor and Jenkinson,® study- 
ing the structural changes in carbon steels 

Manuscript received at the office of the 
Institute Nov. 30, 1943. Issued as T.P. 1695 in 
Metals Technology, June 1944. 

* Research Laboratory, U. S. Steel Corpora- 
tion of Delaware, Kearny, New Jersey. 

1 References are at the end of the paper. 


ranging from 0.17 to 1.14 per cent carbon 
during stress-rupture tests at elevated 
temperature, observed graphite in an 
aluminum-killed 0.40 per cent carbon steel 
after fracture in 4340 hr. under a stress of 
17,900 lb. per sq. in. at 840®F. and in many 
of the steels after stress-rupture test at 
i2oo°F, Unstressed samples of 0.60, 0.86 
and 1. 14 per cent carbon steels graphitized 
almost completely in 360 hr. at i2oo®F., 
while samples of 0.90 and i.io per cent 
carbon steels were somewhat graphitized, 
and steels containing 0.24, 0.40 and 0.57 
per cent carbon showed no sign of graphite. 
Their results indicate that graphite precipi- 
tates the more readily the higher the carbon 
content, though this tendency is influenced 
to some extent by deoxidation practice, 
and that graphitization is accelerated by 
plastic deformation. 

In a recent study of the graphitization of 
0.4 and 0.6 per cent carbon steel strip, made 
by M. A. Hughes,* it was found that at 
i2oo®F. graphite appeared after 72 hr. in 
aluminum-killed but not in silicon-killed 
steel, and that the rate of graphitization 
was increased by slow cooling from i6oo®F. 
and by cold-working prior to annealing. 

In creep tests of normalized 0.15 per cent 
carbon steel killed with 2.5 lb. of aluminum 
per ton, at the U. S. Steel Corporation 
laboratory at Kearny, spheroidization and 
some graphitization were found after 3000 
hr. at iooo°F. under a stress as low as 
1500 lb. per sq. inch. 
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Graphitization of Low-carbon 
Low-alloy Steel 

No examples of graphitization of low- 
carbon low-alloy steel appear to have been 
reported in the literature; but two instances 
of graphitization of carbon-molybdenum 
steel have been noted here. In the first of 
these instances, a specimen of 0.15 per cent 
carbon, 0.50 per cent molybdenum steel, 
made to fine-grain practice, which had been 
normalized at 1650®?. and tempered at 
i3oo®F., was tested in creep at iioo®F. 
under a stress of 3500 lb. per sq. in. for 
13,000 hr.; it was then overloaded to 
7500 lb. per sq. in. and failed after about 
1000 hr., showing a moderate amount of 
graphite in the severely deformed metal 
near the fracture. In the second instance, 
a small amount of graphite was found in a 
normalized specimen of the same type of 
steel after 5000 hr at iooo°F. under a 
stress of 15,000 lb. per sq. inch. 

Though somewhat beyond the scope of 
this paper because of the high carbon 
content of the materials, the extensive 
investigations by Austin and co-workers®”® 
should be mentioned. These workers 
succeeded in graphitizing high-puiity and 
commercial steels containing up to 0.5 per 
cent of Cr, Mn, Ni, Cu or Si, and found that 
the rate of graphitization appears to go 
through a maximum in an intermediate 
temperature zone (1000® to i2oo®F.). This 
maximum rate is due presumably to a 
change in the balance, at higher tempera- 
ture, between the tendency toward in- 
creased reaction rate and the increasing 
stability of the carbide. 

Recently there was a failure at a generat- 
ing station, which has been traced to 
graphitization near a weld in a carbon- 
molybdenum steam pipe. This fracture 
occurred suddenly around the whole 
periphery of the wall of an aluminum-killed, 
carbon-molybdenum steam pipe 12^4 in. 
o.d. by iKe in- wall, at a distance of ap- 
proximately Kb in. from the border of the 
fusion zone of a weld by which it was joined 


to the main steam header of the boiler. 
The reported welding conditions involved 
a 40 o®F. preheat and a subsequent stress- 
relief treatment of 3 hr. at i2oo®F. The 
pipe had been in service at a steam tem- 
perature and pressure of 935°F. and 1300 
lb. per sq. in., respectively, for 5K years. 
Metallographic examination revealed a 
profuse amount of graphite, disposed in 
network fashion around the Widman- 
statten areas, in a narrow region on both 
sides of the fracture; this network of 
graphite, which in many places was con- 
tinuous, provided an easy path for fracture 
and clearly was the reason for failure. The 
zone of graphitization occurred near the 
lower limit of the “heat-affected’* zone of 
the base metal in a region that, from metal- 
lographic examination, apparently reached 
a temperature of 1300® to i35o®F., i.e., the 
lower critical temperature, Ai; further, the 
width of the graphite zone was so narrow 
that the path of fracture closely conformed 
to this isothermal line of the individual 
weld passes. In the unaffected base metal of 
the pipe, there were occasional graphite 
nodules, though these, because they were 
scattered, are of no concern. 

Experimental Procedure 

In studying the effect of temperature on 
the structural stability of low-carbon low- 
alloy steels, several experiments were made 
in an attempt to produce graphite in 
carbon-molybdenum steel by holding it 
just below the Ai temperature. We rea- 
soned that if graphite could grow to an 
appreciable size in 5 years at 93S®F., or in 
5000 hr. at iooo®F., it should appear in 
mudi shorter time at i3oo®F. One series 
of tests involved holding, either under 
stress or not, at temperatures up to the Ai 
and for times up to 250 hr., samples of 
aluminum-killed carbon-molybdenum steel 
in which a temperature gradient had been 
produced while the sample was either 
stressed or unstressed. Spheroidization and 
agglomeration of the carbide occurred, but 
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no graphite was observed. In a second 
study, not concerned primarily with 
graphitization, samples of silicon-killed 
carbon-molybdenum steel were held for 
periods up to looo hr. at temperatures of 
1000®, 1100®, or i20o®F., and up to 500 hr. 
at i30o®F. Spheroidization and agglomera- 
tion of the carbide again occurred,* but 
no graphite was found. 

Since the experiments of Jenkins, Mellor 
and Jenkinson® indicate that graphitization 
is accelerated by plastic deformation, 
stress-rupture specimens of aluminum- 
killed carbon-molybdenum steel from a 
previous investigation® were carefully re- 
examined. These specimens had been 
tested at iioo°F. in the pearlitic and in the 
spheroidized conditions, and showed frac- 
ture times up to 2000 hr.; but again there 
was no evidence of graphitization. 

Discussion of Results 

It now appears that the seemingly 
anomalous behavior of carbon-molyb- 
denum steel, which graphitizes slowly at 
goo® to iioo®F. but not at all at i3oo®F., is 
associated with a change in composition 
and stability of the carbide. In steel con- 
taining carbide-forming elements such as 
molybdenum, the carbide may be not of 
the FesC type, which is known to be 
unstable with respect to graphite, but of 
the iron-molybdenum-carbide type. More- 
over, carbides of different composition may 
exist at different temperatures, or after 
different times at constant temperature; 
and at some temperatures more than one 
carbide type may coexist. Little informa- 
tion is available concerning the stability 
of such types of carbide with respect to 
graphite, though it seems certain that 
they are less unstable than Fe^C, and may 
be completely stable. 

Crafts and Offenhauer^®*^^ recently in- 


* Preliminary results of a similar study of an 
aluminum-killed steel indicate that the rate of 
spheroidization is appreciably greater than for 
silicon-killed steel. 


vestigated the nature of the carbides in low 
chromium-molybdenum steels, and found 
that on quenching and then tempering such 
steel at a temperature below the range 500® 
to SSo°C. (930® to io2o°F.), the carbide 
then present is the FejC type, but at higher 
tempering temperature is some alloy 
carbide. The type of alloy carbide, as 
determined by X-ray diffraction, is, in 
intermediate chromium steels, CrrCs, in 
higher chromium steels, Cr4C, and in 
molybdenum steels, M02C. All of these 
types were found in a series of chromium- 
molybdenum steels. They also observed 
that chromium carbide formed in chro- 
mium steels when austenite transformed in 
the pearlite range. The type of carbide that 
forms in the molybdenum and chromium- 
molybdenum steels on transforming to 
pearlite was not studied, but probably it is 
an alloy carbide. 

These conclusions suggest the reason for 
the absence of graphitization in a carbon- 
molybdenum steel even when held for a 
long time just below the Ai temperature. 
At such a temperature, according to the 
data cited above, the prevailing carbide 
may be of the M02C type, which, with 
respect to graphite, is presumably more 
stable than FesC, and may even be com- 
pletely stable. On the other hand, during 
long-time exposure in the temperature 
range 900® to iooo®F., graphite may form 
because the prevailing carbide is then 
FesC, which is unstable and decomposes 
slowly. The possibility should also be borne 
in mind that insufficient mobility of 
molybdenum atoms may inhibit the forma- 
tion of M02C at the lower temperature, the 
carbon then combining with the ubiquitous 
iron; this may be true either for quenched 
and tempered steels, as Crafts and Offen- 
hauer observed, or on transformation 
during continuous cooling, the lack in this 
latter case being of time rather than just 
of atomic mobility. If, on the other hand, 
M02C were the carbide initially present, it 
might be metastable bdow 1000® to i ioo®F. 
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Figs, i- 6.— Structural changes of graphitjzeh and ungraphitized carboN'M-olybdenum 

STEEL ON HOLDING AT I300®F. PiCRAL ETCH. X 750. 

Fig. I. Carbon-molybdenum steel as graphitized by 5 }^ years at 93S®F. 

Fig. 2. Nongrapbitized material adjacent to that of Fig. i. 

Fig. 3. Same material as Fig. i after one week at i3o^F. 

Fig. 4. Same material as Fig. 2 after one week at i3oo®F. 

Fig. $. Same material as Fig. i after 2H weeks at i3oo®F. 
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with respect to either FejC or graphite, the 
end result being the same in either case. 

The validity of this general hypothesis 
can be proved if samples of the same 
carbon-molybdenum steel, held at 1000® 
and I30 o°F. for a long period, show graph- 
ite forming slowly at the lower temperature 
but not at all at the higher. The time re- 
quired for this experiment is undesirably 
long, however, and the fact that there were 
available specimens of the steel from the 
failed pipe mentioned earlier, which had 
already graphitized, suggested a much 
quicker method — namely, to see whether 
this graphite would disappear on holding at 
i30o®F. Consequently, a specimen of 
carbon-molybdenum steel containing 
graphite that had formed during several 
years service at 92S®F. was heated to 
I3 oo®F. (Ai being about r330®F.) for 
several weeks, protected from oxidation 
and decarburization by sealing in vacuo in 
a silica bomb. As noted earlier, only a very 
narrow section of the sample contained 
graphite, this section being adjacent to a 
weld and having reached, during welding, 
a temperature of approximately 1300® to 
i400®F. On holding at i3oo®F. the graphite 
gradually disappeared and was replaced by 
carbide, as shown by comparison of Fig. i, 
representative of the initial material, with 
Figs. 3 and 5 for the same material after 
7 and 18 days, respectively, at i3oo®F. 
Holding at i3oo®F. for an additional 3 
weeks did not cause any great change in 
amount of graphite beyond that in Fig. 5, 
The excess of carbon in this formerly 
graphitized part of the steel may, as pointed 
out below, account for the slowing down 
of the rate of reversion of the graphite be- 
cause of depletion of the molybdenum 
needed to form the alloy carbide. In any 
event, at this temperature, the stable phase 
is clearly not graphite but a carbide, pre- 
sumably of the M02C type; and this may 
well be true also for other steels contain- 
ing one or more carbide-forming elements. 

The accompanying change in the Wid- 


manstatten structure of adjacent non- 
graphitized metal is shown in Figs. 2, 4 
and 6. It may be noted that there is ob- 
viously a greater amount of carbide in the 
degraphitized region than in the adjoining 
ungraphitized region. This is readily ex- 
plainable by the considerations that graph- 
ite, besides being the stable phase, is less 
soluble in ferrite than is carbide, and forms 
by diffusion of carbon through the ferrite 
solid solution to the graphite nucleus and 
there precipitating. Conceivably, then, 
graphitization in a limited region could 
bring about, in time, the substantial deple- 
tion of carbide within an entire specimen. 
Attention may also be called to the size of 
the carbide particles developed on reversion 
of the graphite as compared with that 
brought about by agglomeration of pre- 
existing smaller particles. This formation of 
relatively large particles is to be attributed, 
presumably, to the strong driving force 
that urges the carbon atoms out of graphite 
into solution in the ferrite, combined with 
the dif&culty of forming new carbide 
nuclei. On the other hand, the only force 
tending to cause agglomeration of the small 
particles is that exerted by surface tension. 

It is to be noted that in forming M02C, 
one part by weight of carbon (atomic 
weight 12) ties up 16 parts by weight of 
molybdenum (atomic weight 96). Thus, in 
a steel with 0.15 per cent C and 0.50 per 
cent Mo, there will be excess carbon if all 
the carbide is M02C and all the molyb- 
denum is present in that form. However, 
Crafts and Offenhauer,^^ by chemical 
analysis of electrolytically extracted car- 
bides, found that at i2oo®F, MojC can 
dissolve about 20 per cent of its weight of 
iron, on which basis the amount of the 
M02C type carbide would be greater than 
if the carbide contained only molybdenum 
and carbon. On the other hand, some 
molybdenum, though probably a small 
amount, may exist in solution in ferrite. 
Evidently there is need for more systematic 
study of the nature and range of stability 
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of the several t3T)es of carbide that may 
form in steels, and of the partition of alloy- 
ing elements between carbide and matrix. 
Such an investigation has already been 
started by Bowman, Parke and Herzig.^* 
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DISCUSSION 

(F. M. WaUerSf Jr., presiding 

F. B. Foley,* Philadelphia, Pa. — In devel- 
oping a theory to account for graphitization, 
the effect of elements such as silicon, nickel 

• Superintendent, Research Department, The 
Midvale Company. 


and aluminum must be taken into account 
It would be short sighted to base any such 
theory on only the type of carbide present, to 
the exclusion of these elements, which are 
soluble in the ferrite and which do not normally 
enter into chemical combination with carbon 
at the temperatures under consideration. These 
elements, nevertheless, are well known to 
promote graphitization. Not only must the 
carbide, which decomposes to form the 
graphite, be taken into account but the ferrite 
matrix as well 

In regard to the molybdenum-bearing steel 
in question the authors cite authority for the 
existence of the carbide FesC in the tempera- 
ture range where graphitization has occurred. 
It is, they say, at a higher temperature that 
the carbide M02C forms. If this be so, the 
composition of the ferritic phase is also under- 
going a change for, if the molybdenum be not 
combined with carbon in the lower tempera- 
ture range it is in solution in the ferrite, where 
it may act, as would other known graphitizers, 
which are all ferrite soluble, to promote 
graphitization. 

There is abundant evidence in the literature 
of the formation of FeaC in a carburizing 
environment at temperatures well below the 
critical Byrom^* records the complete con- 
version of a steel plate of C 0.15, 

Mn 0.27, Si tr., S 005, P 0.03 to carbide of 
iron of C o 60, Mn o 25, Si tr., S o 55, P o 03 
over a period of several years at a temperature 
not exceeding 932°F. (500® C.) in blast-furnace 
gases. Similar results were obtained with 
Armco iron and with thin strips of electrol3rtic 
iron, which carburized in a matter of a couple 
of weeks. The ferrite in these cases was rela- 
tively free of graphitizers. The evidence seems 
to be that in the absence of graphitizers in 
solution in the ferrite, carbide of iron is 
probably in stable equihbrium with ferrite at 
temperatures below Ac. Byrom*s work showed 
that no carbide was formed in electrolytic iron 
at 752®F. (4 oo®C.). 

In the case in question may it be that the 
carbide at 935®F. is FesC with the molybdenum 
in solution in the ferrite, and that the action 
of the molybdenum in attempting to get into 
the carbide, which it is said to succeed in 


” Byrom.: Jnl. Iron and Steel Inst. (1915) 92, 
106. 
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doing at somewhat higher temperatures, causes 
the carbide to dissociate, with the resultant 
precipitation of carbon in elemental form? 

The temperature of graphitization in the 
case reported by Kinzel and Moore was never 
clearly stated and, from the description of the 
cracking process given by Moore, could have 
been as high as i228®F, (663°C.), the Ae point 
of the steel in question. Wells found that 
‘‘traces of graphite may have been formed” 
in C 0.13 and there was “slight evidence of 
traces of graphite” in C 0.28 steel heated at 
i292®F. (7oo°C.) for 150 hr. This is not at all 
surprising when it is realized that the beginning 
of the Ac reaction may be well below this 
temperature. 

Although the matter was not recorded in 
the literature at the time, I found the bottom 
plates of a petroleum coking still embrittled 
by the formation of a layer of iron carbide on 
the face in contact with the layer of coke 
within the still. The bottoms of such stills 
were of low-carbon plate, which hardly attained 
the temperature of incandescence. 

The reaction involving the state of carbon in 
steel below the critical temperature can appar- 
ently proceed either toward the formation of 
graphite or carbide, depending on temperature 
and the composition of the solid and gaseous 
phases involved. The direction in which the 
reaction proceeds is not determined by the 
state of one of the variables alone. 

G. V. Smith (author^s reply). — Though the 
authors did not attempt (or intend) to develop 
any theory to account for the effect of added 
elements upon graphitization it is, of course, 
interesting to have Mr. Foley’s comments on 
this matter. 

There are two subdivisions into which the 
subject of graphitization can logically be 
divided; namely, thermodynamic stability 
and rate of formation. Whether, in a particular 
instance, carbide or graphite is the stable phase 
depends, as Mr. Foley has pointed out, on 
the composition and nature of all the con- 
stituents or phases (at equilibrium) present; 
that is, when it is said tliat a carbide in a 


particular steel is stable, it is meant, of course, 
that it is stable in equilibrium with ferrite (or 
austenite), not that it is stable in the free state 
(as if it were removed from the iron solid 
solution matrix) Whether an added element 
acts to increase or decrease the stability of 
of carbide can be measured or calculated in 
principle at least according to the usual pro- 
cedures of the chemical thermodynamidst. 

The question of rate of graphitization is a 
much more difficult thing to settle, for we know 
a great deal less about this than about stability 
All that the authors can do is to emphasize 
that an apparent stability of carbide in a steel 
may be only the result of a slow rate of re- 
version to graphite, and conversely, that the 
accelerating effect of certain elements upon 
graphitization may result not from an increase 
in the thermodynamic instability of the 
carbide, but rather from an effect upon the 
rate of solution of the carbide or of subsequent 
diffusion, or on the ease of nucleation and 
growth of graphite. 

The question of the temperature limits for 
the stability of FesC has received a great deal 
of attention over a number of years, and the 
evidence is overwhelming that at least for 
temperatures below some 2ooo®F., FegC is 
unstable with respect to graphite even in 
the absence of “graphitizers.” This is in 
contradiction to Mr Foley’s condusion in his 
third paragraph. May we point out that the 
fact that FesC will form during the carburizing 
of steel, low-metaUoid iron or electrolytic 
iron, does not mean that it is a stable phased 
Metastable or unstable phases frequently 
occur, particularly in solid state reactions; 
the iron-carbon system is an important and 
outstanding example. 

Finally, a minor point, but we cannot accept 
Mr. Foley’s statements that the “Ae” point 
of the Kinzel and Moore steel was as low as 
663® C., nor that in Wells’ pure iron-carbon 
alloys the beginning of the “Ac” reaction may 
be well below the temperature of 7oo°C. In 
both cases transformation on heating cannot 
occur below the eutectoid temperature, which 
for these alloys is in the neighborhood of 72o®C. 
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The structures formed when austenite is 
quenched to subcritical temperatures and 
allowed to transform isothermally have 
been the subject of intensive study since 
the work of Davenport and Bain.^ Iso- 
thermal transformation diagrams sum- 
marizing the results of many of these 
studies have become widely familiar to 
metallurgists. 

Of particular interest to metallographers 
are the dark-etching, adcular products of 
transformation formed by isothermal reac- 
tion below the temperature of maximum 
velocity of the austenite to pearlite reac- 
tion, These products, the bainite structures, 
can be formed in a wide variety of steels. 
However, the constitution of bainite is not 
well understood and divergent views have 
been expressed as to its mode of formation. 

In this investigation a combination 
of dilatometric, microscopic and X-ray 
methods has been brought to bear upon the 
problem in the hope of some elucidation of 
the bainite reaction as it occurs in hypo- 
eutectoid steels. 

Mechanism of Bainite Formation 

Davenport and Bain^ considered the 
mechanism of bainite formation to consist 
of two steps — an allotropic transformation 
followed by precipitation of carbide. The 
separation in time of the two processes was 
considered to be very slight in the upper 
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temperature range and very marked at 
temperatures just above the martensite 
range. This concept has been restated by 
Vilella, Guellich and Bain® in the form of a 
dej&nition of the adcular mode of trans- 
formation as: 

The successive, abrupt formation of flat 
plates of supersaturated ferrite along certain 
crystallographic planes of the austenite grains; 
this supersaturated ferrite begins at once to 
reject carbide particles ^ (not lamellae), at a 
rate depending upon temperature In effect, 
this is the adcular mode of transformation, 
even though the temperature be such as to 
limit the actual life of the quasi-martensite to 
millionths of a second. 

The investigation of isothermal decom- 
position of austenite in certain alloy steels 
(notably those containing chromium or 
molybdenum) has revealed that there may 
be a range of temperatures between the 
pearlite and bainite reactions in which the 
austenite decomposes at a relatively low 
rate.®"® Further, it is characteristic that 
in the second region of fast reaction the 
decomposition of the austenite is incom- 
plete by one reaction but goes to comple- 
tion by a second reaction. These observa- 
tions led Wever^ to a description of the 
bainite reaction as follows : 

1. The reaction takes place by initial precipi- 
tation of a martensitic intermediate structure. 

2. In the upper temperature range this 
structure readily decomposes into ferrite and 
cementite. In the lower range carbon separates 
in an unknown form 

3. In the upper temperature range the 
predpitated carbide nucleates the precipitation 
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of carbide from the remaining austenite [during 
the second reaction]. In the lower range carbide 
no longer exerts a nucleating efEect on the 
austenite. 

Griffiths, Pfeil and Allen® have given a 
comprehensive survey of the literature 
prior to 1939. From the information then 
available these authors drew idealized 
curves for reaction rate vs. temperature 
for several possible cases. They further 
suggested that the decomposition of 
austenite may occur by the overlapping of 
the pearlite and intermediate (bainite) 
reactions, apparently interpreting the in- 


Experimental Procedure 
Alloys 

It has been shown by Wever and 
Mathieu^® that the character of the 
austenite to bainite reaction changes con- 
siderably in degree if not in kind in the iron- 
manganese-carbon system as the carbon 
content of low-manganese alloys is in- 
creased to bring the steels into the hyper- 
eutectoid range. Owing in part to this 
fact, the steels considered in the present 
investigation have been restricted to 
hypoeutectoid compositions of low or 
medium alloy content. 


Table i. — Compositions of Steels Investigated 



termediate reaction in the same light as 
did Wever. 

Mehl®'^° has postulated that bainite 
forms by a process of nucleation and 
growth in which ferrite is the nucleating 
phase as distinguished from pearlite 
nucleated by cementite. 

Greninger and Troiano^^ studied the 
isothermal decomposition of hypereutectoid 
austenite and advanced the proposal that 
austempering products are formed as 
aggregates, not as single-phase particles. 

There is an evident need for new experi- 
mental data in order that the mechanism 
of the austenite to bainite transformation 
may be established. An examination of 
alloyed austenites containing various ele- 
ments in solution is desirable in order that 
conclusions regarding the generality of 
phenomena may be arrived at. 


The analyses of the steels used are given 
in Table i. The 3 per cent Cr steel was 
supplied by the Carpenter Steel Co. in bar 
form. The i per cent Cu steel was available 
in the form of an ingot weighing about 
20 lb. All other alloys are commercial steels 
received as hot-rolled bars. The i per cent 
Cu steel was forged at 1000® C. (i832®F.), 
quenched and tempered before the speci- 
mens were cut. Specimens of the other 
steels were cut from the rolled bars. A brief 
study (see page 17) was made of the 4 per 
cent Ni steel after a bar had been heated for 
14 hr. at i3oo°C. (2372°F.) to promote 
homogeneity. 

Dilatometric Method 

The dilatometer used was a moditication 
of the type used by Davenport and Bain. 
Dilatometer specimens were He to Ha 
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thick, the distance between notch centers 
being i in. except for the uranium steel, 
for which an internotch distance of H in. 
was used. Except for the 3 per cent Cr and 
I per cent Cr steels, which were austeni- 
tized at i2oo®C. for 20 and 15 min., respec- 
tively, specimens spot-welded to iron wires 
were austenitized for 3 min. at iioo°C. 
(201 2®F.) in a vertical tube furnace with 
purified nitrogen atmosphere. Specimens 
of I per cent Cr steel from a different heat, 
having a composition almost exactly the 
same as those austenitized at i2oo°C., were 
austenitized for 3 min. at iioo®C. (2i92®F.), 
and the bainite region of the isothermal 
transformation diagram determined was 
found to be almost exactly the same as 
that for the i per cent Cr steel reported 
here. Specimens were transferred from 
austenitizing furnace to dilatometer by 
means of the attached wires. The time 
elapsing between removal from the aus- 
tenitizing furnace and immersion in the 
stirred lead bath was 5 to 8 sec. The 
temperature of the lead bath was controlled 
to ±2°C. below about 5So®C. (io22®F.). 
At the higher temperatures the control 
was ±5®C. The dial gauge used was 
graduated in 00001 in. and was read to 
one fourth of a scale division. 

Microscopic Examination 

Microscopic examination of the alloy 
steels was carried out on specimens ap- 
proximately by 3 ^ by in. Specimens 
of the plain carbon steels were “slivers” 
H2 by H2 by in. These slivers were 
austenitized for i to min. at iioo®C. 
('2 oi2*’F.). a few slivers were held at 
iioo®C. for 3 minutes. 

X^ay Methods 

Constituents were identified by means of 
Debye patterns obtained using the K-radia- 
tions from chromium and cobalt. Slivers 
(size given above) were carefully ground on 
emery paper and etched after heat-treat- 
ment, before being placed in the cameras. 


When it was desired to check the presence 
or absence of carbides, slivers were some- 
times etched electrolytically in a 5 per cent 
aqueous solution of hydrochloric acid. 

Graphical Presentation of Results 

The results for seven of the steels studied 
are reported in graphical form on time- 
temperature coordinates. For the most 
part, the lines appearing on these iso- 
thermal transformation diagrams have 
their usual meanings, and it has been con- 
sidered unnecessary to label the lines 
indicating the beginning of austenite 
decomposition and the beginning and end 
of the pearlite reaction. The lines marked 
“End of bainite formation” should not be 
interpreted as meaning, necessarily, that 
100 per cent of the austenite has trans- 
formed. This point will be discussed as the 
results are presented. 

Aei and Ktz temperatures are approxi- 
mate only, as are the Ar” temperatures, 
with the exception of the 3 per cent Cr 
and I per cent Cr steels. The upper limit 
of the martensite range has been deter- 
mined by the microscopic method for 
these two steels. 

Results 

Steel with 3 Per Cent Chromium 

Since the decomposition of austenite 
in the 3 per cent Cr steel has been studied 
more thoroughly than in any of the other 
steels reported, the transformation char- 
acteristics will be considered in detail. 
Microscopic and dilatometric data are 
summarized in the isothermal trans- 
formation diagram given in Fig. i. 

Above approximately 7oo®C. (i292°F.) 
decomposition of austenite begins with 
precipitation of ferrite. The amount of 
ferrite formed before the start of the 
pearlite reaction is a function of the 
temperature, being a maximum at Aei 
and decreasing to zero at about 6 (p^C. 
(i 274°F.). Between 690® and about S9o®C., 



E. P. KLIER AND TAYLOR LYWLAN 


397 


it is not possible to distinguish a separate 
ferrite precipitation. At SSo®C. ferrite 
is again precipitated before the pearlite 
reaction sets in. 


and below 3delds the temperature of 
minimum rate as about S2o®C. Below 
S2o°C. the austenite has not been com- 
pletely transformed, although specimens 


T 



Fig. I. — Isothermal transformation diagram for 3 per cent chromium steel. 
Open drdes, points determined metallographically. 

Filled circles, 0.5 per cent and 99.5 per cent eictension in dilatometer. 

C, 0.38 per cent; Mn, 0.20; Cr, 2.98. Austenitized at i2oo°C. Grain size, 2-3. 


At 5oo°C. ferrite precipitation starts 
after approximately 6000 sec. at tempera- 
ture. This precipitation continues at a 
very low rate. A second reaction sets in 
at about 75,000 sec. The two reactions 
proceed together very slowly, complete 
transformation of the austenite requiring 
more than 35 days. A representative 
photomicrograph is shown in Fig. 2. 

Near 52o®C. (gdS^F.) a region of mini- 
mum reaction rate for both ferrite and 
pearlite reactions is indicated. The start 
of the “pearlite” reaction has been 
accuratdy determined at 500® and 470^0. 
and extension of the curves from above 


showing more than 90 per cent decom- 
position were obtained at 500® and 47S®C. 
The curve for the end of the second reac- 
tion has been drawn in conformity with 
these observations. 

Bdow soo®C. austenite decomposition 
proceeds in a different fashion. Trans- 
formation begins in less than 30 sec. at all 
temperatures from 490® to 37o®C. and, 
as is most clearly shown by dilatometric 
data, appears to stop in less than 5 min. 
When the transformation stops there re- 
mains austenite, which is undecomposed. 
The reaction of the last traces of this 
austenite requires more than 40 days at 
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475'’C., while at temperatures below this bainile reaction— is a function of the 
the time for complete reaction becomes so temperature. At 49o‘’C. less than lo per 
great as to preclude determination. cent of the austenite decomposes by the 



Fig. 2. — 3 per cent cHROMnni steel quenched prom i2oo°C. to soo®C and held por 8 days, 

3J^ HOURS 

Origmal magnification 500; reduced in reproduction. Etched in Nital. 

Ferrite, second reaction product (dark) and unreacted matrix (white). 

Fig. 3. — 3 PER CENT CHROMIUM STEEL QUENCHED PROM I200®C. TO 46o°C. AND HELD FOR 1 8 DAYS 
Original magnification 500; reduced in reproduction. Etched in Nital. 

Bainite, second reaction product (dark) and unreacted matrix (white). 

The amount of transformation that bainite reaction while at 45o®C. the degree 
takes place by the first reaction— the of completion is about 80 per cent in less 
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than s min. Even after i5J^ hr., no further servable dilatometrically and the total 
transformation is evident. Figs. 4 to 7 extension increases rapidly with decreasing 
are illustrative of the decomposition temperature. While the degree of corn- 
progress at 45o°C. pletion is not directly proportional to the 





Figs. 4-7. — ^3 cent chromium: steel quenched prom i 2oo®C. to 45o°C. and held tor times 

INDICATED. X 500. Etched in nital. 

Fig. 4. 20 seconds. Fig. 6. 15 minutes 

Fig. 5. 1 minute. Fig. 7. isJ^ hours. 


The temperature dependence of the 
degree of completion of the bainite reac- 
tion in this steel is made evident from a 
consideration of the total extensions of the 
dilatometer specimens during the reaction. 
These total extensions are plotted against 
the reaction temperature in Fig. 8. At 
about 490® C. the reaction takes place in 
an amount just great enough to be ob- 


total extension at a given temperature, 
for reasons that have been discussed by 
Wever and Jellinghaus^ and Allen, Pfeil 
and Grifl&ths,^® the curve of Fig. 8 indicates 
that there is an important temperature 
dependence. At no temperature investi- 
gated did complete transformation of the 
austenite take place by the bainite reac- 
tion. Figs. 9 to 12 show that the rate 
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Fig 8. — Dependence op total expansion op dilatosieter specimens upon reaction tempera- 
ture DURING isothermal DECOMPOSITION. 

All specimens i inch between notch centers. 


' ..-tr' ' ■ 



Figs. 9-12.— 3 per cent CHEouroM steet quenched prom moo'C. to 3so°C. and held for 
TIMES INDICATED. X 200. EtCHED IN NITAL. 

9. 1 minute. Fig. ^ minutes. 

Fig. 10. 2 nunutes. Fig. is. 39 minutes 
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during the first 4 min. is comparatively 
high and that after 29 min. at 3So°C. 
there is austenite still untransformed. 
Debye patterns obtained from sliver 


present at room temperature. Austenite 
lines are not present after a direct quench 
from above Ae3 to room temperature. The 
X-ray data relating to gamma retention 
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Fig. 13. — Debye pattern obtained prom 3 per cent chromitjm steel sliver transpormed 

AT 4SO°C. POR 6 MINUTES. 

Unaltered chromium radiation. 


specimens transformed to completion of 
the bainite reaction at temperatures from 
475° to 3So®C. show that austenite is 

Table 2. — Phase Ideniificaticyn Obtained 
with the 3 Per Cent Chromium Steel 
after Transformation in the Bainite 
Region 


Transformation 

Temperature 

Time at 
Tem- 
perature 

Structure and X-ray 
Line Intensity 

Deg. C. 
475 

Deg. P. 
887 

90 sec. 

Very weak gamma 
Medium gamma 

475 

887 

x8o sec 

475 

887 

33 hr. 

Tetragonal split, diiluse 

450 

843 

90 sec. 

Weak gamma 

450 

843 

180 sec. 1 

Strong gamma 

450 

450 

843 

843 

360 sec I 
I hr. 

Very strong gamma 
Medium gamma 

450 

843 

15 hr. 

Very weak gamma -f- 
tetragonal split 

450 

843 

36 hr. 

Tetragonal split 

405 

761 

30 sec. 

Weak gamma 

405 

761 

60 sec. 

Very weak gamma 

405 

761 

1 180 sec 

Gamma (?) 

Very weak gamma 

405 

761 

1 300 sec. 

350 

663 

60 sec. 

Very week gamma 

350 

66 a 

130 sec. 

Very weak gamma 


are summarized in Table 2, and a repre- 
sentative X-ray pattern is reproduced in 
Fig. 13. At 47S'’C., about 20 per cent of 
the austenite transforms by the bainite 
reaction and gamma lines in the X-ray 
pattern are quite distinct. Of greatest 
importance is the location of this austenite 
in the microstructure. 

In an effort to find the austenite, numer- 
ous specimens were transformed iso- 
thermally, water-quenched and then tem- 
pered. Figs. 14 and 1 5 show representative 
tempered structures. The complete darken- 
ing of the matrix after tempering indicates 
that the matrix austenite present at 47S°C., 
after the bainite reaction ends, transforms 
to martensite on cooling to room tempera- 
ture. This eliminates the possibility of 
sufficient gamma in the matrix remaining 
untransformed to give the pattern. That 
the gamma remains after tempering has 
been shown for a sliver of the 3 per cent Cr 
steel held at 45o®C. for 6 min., water- 
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cooled and tempered at 47 5® C. for 30 min. 
The gamma lines, though distinct after this 
treatment, were much less so than before 
final tempering. 


lowered so that considerable austenite re- 
mains at room temperature. 

The first possibility can be eliminated 
by consideration of the tempered structure. 



Figs. 14 and 15 . — $ per cent chrojctum steel partially transformed in the bainite region, 

QUENCHED AND TEMPERED. 

Original magnification sooj reduced in reproduction. 

Picral etch. Dark-etching background indicates that matrix was martensite after first quench 
to room temperature. 

Fig. 14. Quenched from i2oo°C. to held for 4 minutes, quenched to room temperature, 

tempered at 750°^. for 15 seconds and quenched. 

Fig* IS- Quenched from laoo^C. to 45o°C., held for 3 hours, quenched to room temperature, 
tempered at 4So®C. for 45 mLuutes and quenched. 


Two possibilities logically present them- 
selves as accounting for this retained 
austenite: (i) austenite of unchanged car- 
bon content is “stabilized”; (2) austenite 
immediately surrounding the precipitate is 
enriched to such a degree that Ar" is 


If the austenite were retained by a stabil- 
ization process it would be logical to ex- 
pect some of it to be situated in the parts 
of the specimen that at transforma- 
tion temperature contained the greatest 
amounts of austenite. It is evident from 
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Fig. IS that there is no appreciable amount 
of austenite present in the darkened 
matrix. 

There is other evidence that the austen- 
ite retained is enriched: 

1. On holding at constant temperature 
the gamma patterns gradually become 
weaker. Although at 47S®C. (887®F.) the 
second reaction does not begin until 
approximately 20 hr. has elapsed, gamma 
is no longer evident in the X-ray patterns 
after approximately i hr. As the intensity 
of the gamma lines decreases a tetragonal 
split appears, which is still present after 
23 hours. 

2. Gamma lines were most intense after 
6 min. at 45o®C. (842°F.). They are re- 
tained, although weak, through 15 hr. 
at temperature. 

3. At temperatures below 4So°C. the 
intensity of the gamma lines rapidly 
diminishes, regardless of the degree of 
decomposition that has taken place. At 
35o®C. (662®F ) the bainite reaction goes 
nearly to completion, yet in all patterns 
taken gamma was discernible only with 
great difficulty. 

Table 3 contains X-ray data ob- 
tained from specimens decomposed at 
5oo®C. (g32®F.). The following facts are 
emphasized. 

Table 3. — Martensite Axial Ratios after 
Isothermal Decomposition of Austenite m 

3 Per Cent Chromium Steel at 5oo®C, 


AT Temperature 

cja 

S hr 


17 S hr. 

* 

26 hr. 

1 022 

41. S hr. 

I 021 

48.5 hr. 

I 02X 

SS S hr. 

I 020 

67. S hr. 

I 019 

120 hr. 

* 

13 days 

* Diffuse alpha lines. 

♦ 


The formation of ferrite, which starts 
after 100 min at temperature, and the 
(Musion of carbon occur in such a manner 
that after 26 hr. an enriched austenite is 
obtained, which, during water-quenching 
to room temperature, forms martensite 


with an axial ratio of 1.02. This tetragonal- 
ity is maintained until approximately 
70 hr., after which it is gradually reduced 
so that after 120 hr. at temperature no 
tetragonal split is observed. Sharp alpha 
lines, however, are not obtained after 13 
days at temperature. 

Since, according to the results of Honda 
and Nishiyama,^^ who used techniques 
very similar to those employed in the 
present work, a tetragonality of 1.02 for 
a plain carbon martensite corresponds to 
a carbon content of 0.5 to 0.6 per cent, 
it might appear that an enrichment of the 
austenite to eutectoid composition had 
taken place after 26 hr. at soo°C. How- 
ever, the position of the eutectoid com- 
position in the Fe-Cr-C system is not 
known accurately enough to allow this 
conclusion to be drawn and, since the 
decreasing axial ratio does not correspond 
to a large reduction in the amount of 
austenite transforming to martensite on 
cooling, a different explanation must be 
found. 

In connection with these observations, 
two considerations regarding the move- 
ment of carbon at temperatures within the 
bainite range are important: 

1. During the relatively short period of 
the bainite transformation carbon move- 
ment is very rapid, in order to produce the 
local enrichment that has already been 
indicated. 

2. At the end of the bainite reaction a 
condition is reached in which the velocity 
of carbon movement is smaller by orders of 
magnitude than that at the start of the 
reaction, the lower rate being probably 
of the order of magnitude of the rate of 
diffusion under the simple influence of a 
concentration gradient at this temperature. 
Consistent with this supposition are the 
fact that the bainite reaction does not 
continue to the point where all the austen- 
ite is transformed and the fact that the 
undecomposed portion does not react ex- 
cept after a long delay. 
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It seems evident that the tetragonal 
split observed during transformation at 
5oo®C. is due not to an enrichment of the 
austenite matrix to eutectoid composition 
but rather to an enrichment of the austen- 
ite immediately surrounding the precipi- 
tate. This carbon in enriched regions 
slowly diffuses into the surrounding austen- 
ite and the tetragonal split disappears. 
The matrix austenite may then be at 
eutectoid composition. The decomposition 
then proceeds by the formation and growth 
of ferrite and carbon-rich masses at the 
expense of the austenite. 

Crafts and Offenhauer^s have studied 
the carbide structure in a 2.6 per cent Cr, 
0.4 per cent C steel as a function of the 
temperature at which it formed during the 
decomposition of martensite. A change in 
the carbide structure slightly above 5oo°C. 
was observed by these investigators. As 
wdll be shown later, such a change in the 
carbide can have no effect on the bainite 
transformation but may well play an 
important role in the course of the second 
transformation. For this reason a study 
of the carbides formed during isothermal 
decomposition of the 3 per cent Cr steel 
was undertaken, the results of which are 
summarized in Table 4, 

Between 6oo°C. (iii2°F.) and about 
5oo®C. (932®F.) no carbide structure is 
sufficiently well formed to give a good 
pattern. However, a very good carbide 
pattern was obtained after 3 min. at 
45o°C. (842®F.). The pattern indicated the 
presence of FejC. After 15.5 hr. at 45o°C. 
this structure was unchanged. The rate at 
which the bainite transformation takes 
place would seem to preclude the possible 
diffusion of chromium from the precipi- 
tating volumes. Since enriched austenite 
easts within the volumes occupied by the 
first transformation product and remains 
undecomposed for hours (Table 2), it 
seems necessary to assume that the FesC 
is formed within the volumes depleted 
in carbon during transformation. The dark- 


etching appearance of bainite is consistent 
with this view. Thus the carbide formed 
is characteristic of a 3 per cent Cr, low- 
carbon (considerably less than 0.4 per 
cent C) steel. As a consequence the carbide 
structures formed during the bainite reac- 
tion cannot be expected to throw light on 
the transition temperature for a carbide 
formed from a 3 per cent Cr, 0.4 per cent C 
martensite. 

Table 4. — Carbide Identification Obtained 
With the 3 Per Cent Chromium Steel after 
Isothermal Decomposition at Various Tern- 
Peratures 


Transformation 

Temperature 

Time at 
Tem- 
perature 

Structure and X-ray 
Line Intensity 

Deg. C Deg P 
750 1382 

720 1328 

650 1202 

600 1112 

450 842 

450 842 

450 842 

2.2s hr 
1080 sec. 
poo sec. 
I.7S hr. 
po sec. 

180 sec. 

IS S hr- 

Weak PeiC plus Cr7Cj 
Weak PeiC 

Very weak PesC 

Pe«C f?) 

PeiC 0 ) 

Medium PeiC 

Strong PeiC 


The fact that good FejC lines may be 
obtained from bainite formed at 45o®C., 
So°C. below the carbide transition tempera- 
ture, whereas, at 6oo®C. the carbide struc- 
ture is identified only with considerable 
difficulty does not then detract from the 
contention that the carbide transition 
temperature is in the neighborhood of 
Soo®C. 

The consequences of such carbide transi- 
tion will be evident not in the bainite 
reaction which gives rise to a transitional 
structure based on the body-centered 
cubic form of iron, but rather in the second 
reaction which results in the formation of 
both ferrite and carbide. 

The rate of transformation by the second 
reaction must increase with decreasing 
temperature just below the transition 
temperature on theoretical grounds. As 
has been explained, the line representing 
the end of austenite decomposition at 
temperatures below 6oo®C. cannot be 
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considered to be determined accurately. 
However, the experimental data are 
definite in indicating that the initial rate 
of the second reaction is greater at 470® C. 
than at Soo°C., and that the period of 
induction is shorter at 47o®C. 

From the preceding discussion, it appears 
possible to describe the isothermal decom- 
position of austenite in the bainite region 
as follows: 

1. In restricted volumes, carbon atoms 
move in such a way as to yield austenite 
regions of alternate high-carbon and low- 
carbon concentration. 

2. The low-carbon austenite transforms 
by a martensite-like process into a super- 
saturated ferrite. 

3. The supersaturated ferrite formed 
begins at once to decompose, precipitating 
an iron carbide in a ferrite matrix to form 
the dark-etching, adcular product that has 
become known as bainite. 

4. The enriched austenite decomposes 
or by diffusion loses a part of the dissolved 
carbon. 

5. The austenite that has not taken part 
in the bainite transformation, that is, the 
unreacted matrix, decomposes by a mecha- 
nism which is to be distinguished from the 
mechanism of the austenite to bainite 
reaction. It is possible that at certain 
temperature levels the decomposition of 
the matrix austenite will precede the 
decomposition of the enriched austenite. 

Sted with i Per Cent Chromium and 

0.4 Per Cent Molybdenum and Steel 
with 1 Per Cent Chromium 

The isothermal transformation diagrams 
for the I per cent Cr, 0.4 Mo and the i per 
cent Cr steels are given in Figs. 16 and 17, 
respectively. The upper portion of Fig. 16 
has been drawn in dashed lines on the basis 
of microscopic examination of specimens 
transformed at three temperatures. Previ- 
ously published diagrams^®*^^ for S.A.E, 
steels of the i per cent Cr, 0.2 per cent Mo 
type are in agreement on the facts that 


ferrite precipitation precedes pearlite for- 
mation at all temperatures above the 
bainite region and that the pearlite reaction 
is considerably retarded by the addition of 
molybdenum. 

The diagram for the i per cent Cr steel 
shows an almost continuous merging of the 
proeutectoid ferrite and bainite reactions. 
The pearlite reaction appears to undergo 
no discontinuity with temperature change 
such as has been shown for the 3 per cent 
Cr steel to be due to carbide transition. 
According to the data of Crafts and Offen- 
hauer,^® FesC is formed at all temperatures 
below Aei in a I per cent Cr, 0.4 per cent 
C steel. 

It may be noted that the ferrite separa- 
tion process in the i per cent Cr 0.4 per 
cent Mo steel just above the bainite range 
is qualitatively similar to the corresponding 
process in the 3 per cent Cr steel, although 
in the latter there is a carbide transition in 
this temperature range while in the i per 
cent Cr, 0.4 per cent Mo steel the data of 
Crafts and Offenhauer^® indicate that there 
is no change in carbide structure with 
temperature. This further substantiates 
the conclusion already reached that carbide 
transition will not influence the course of 
the bainite reaction. 

It is evident from dilatometric, X-ray 
and microscopic data that the mode of 
transformation of these steels in the bainite 
region is the same as in the 3 per cent Cr 
steel. In each of these steels the amount of 
transformation of austenite to bainite 
was found to be dependent on temperature. 
Thus the lines on the transformation 
diagrams marked “End of bainite forma- 
tion” do not indicate that aU of the 
austenite has transformed. In Fig. 8 the 
total extensions of dilatometer specimens 
are plotted against reaction temperature 
for the I per cent Cr steel to illustrate this 
fact. It is evident that there is a tempera- 
ture region for this steel in which two 
reactions have been separated by the 
dilatometric method. 
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For both steels it was possible to retain 
enriched austenite at room temperature 
after transformation of austenite to bainite. 
Observ-ations at different temperatures 


steel. Ar" was determined by the micro- 
scopic method for both steels. As was 
pointed out by Klier and Troiano,*® the 
Ar" temperatures for i per cent Cr and 
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TIME in SECONDS 

Fig i6. — ^Isothermal teanspormation diagram por i per cent chromium, 0.4 per cent 

MOLYBDENUM STEEL. 

Open circles, points determined metallographically 

Filled circles, 2 5 per cent and 97.5 per cent extension in dilatometer. 

C, 0.42 per cent; Mn, 0.72; Cr, o 99; Mo, 0.42. Austenitized at iioo®C. Grain size, 3-4. 


within the bainite region indicated that 
the degree of enrichment is a function 
of temperature of transformation. The 
X-ray work was carried only far enough to 
establish qualitative similarity to the re- 
sults obtained in the 3 per cent Cr steel, 
which was investigated in considerable 
detail. 

It may be noted that the Ar" tempera- 
ture for the I per cent Cr steel is about 
30®C. lower than that for the 3 per cent Cr 


3 per cent Cr steels of identical carbon and 
manganese contents should be nearly the 
same; therefore it is probable that the 
considerable difference in the manganese 
contents of the two steels accounts for the 
lower Ar" temperature of the i per cent 
Cr steel investigated here. 

Steel with 0.2 Per Cent Uranium 

The transformation diagram for a 0.2 
per cent uranium steel is presented in 
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Fig. 18. In general, the characteristics of 
bainite formation observed in steels already- 
described have been confirmed in this steel. 
However, the pearlite and bainite trans- 


that two reactions were taking place. The 
formation of bainite or proeutectoid 
ferrite (the two reactions merge at about 
6oo®C.) precedes the formation of pearlite 


T •C 



Fig. 17. — Isothermal transformation diagram for i per cent chromium steel 
Open circles, points determined metallographically. 

Filled circles, 2.5 and 97.5 per cent extension in (filatometer. 

C, 0,44 per cent; Mn, 0.77; Cr, 0,98 Austenitized at i2oo®C. Grain size, 2 


formations overlap to such a degree 
between 550® and 500® C. (1022® and 
932®F.) that separation of the two is not 
possible using the dilatometric method. 
The curves for the beginning of pearlite 
and end of bainite formation in this region 
are drawn on the basis of microscopic 
observations and are intended to show 
that above 52o®C. (968®F.) bainite forma- 
tion is only partly completed before the 
pearlite reaction begins. A dilation-time 
curve obtained at ss8®C. (1036®?.) showed 


at all temperatures. The amount of 
precipitation occurring before the start 
of the pearlite reaction varies with tem- 
perature, being a minimum at about 
62 S®C. 

Sted with 4 Per Cent Nickel 

Investigations carried out on a 4 per 
cent Ni steel have shown that there is a 
range of temperatures in which decom- 
position of austenite takes place with both 
bainite and pearlite formation. 
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TfME in SECONDS 

Fig i8. — ^Isothermal transpormation diagram for 0.2 per cent uranium: steel 
Open circles, points determined metallographically. 

Filled circles, 2.5 and 97.5 per cent extension in dilatometer. 

C, o 54 per cent; Mn, 0.66; U, 0.2. Austenitized at noo®C. Grain size. 
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Fig. 19.— Dilation vs. time curve obtained during isothermal transformation of 4 per 

CENT NICKEL STEEL AT Sl8®C 
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Dilation vs. time curves obtained gave considerably better than in the range 
no indication that two reactions were pro- where two reactions are occurring, 
ceeding together at temperatures in the The photomicrographs of Figs. 21-24 
neighborhood of 5oo®C. (932®F.). Fig. 19 illustrate the progress of the two reactions 



TtME in SECONDS 

Fig. 20. — Isothermal transformation diagram for 4 per cent nickel steel. 
Open circles, points determined metallographicalty. 

Fdled circles, 2.5 and 97.5 per cent extension in (filatomeler. 

C, 0.50 per cent; Mn, 0.73; Ni, 3.92 Austenitized at iiooX. Grain size, 3-4. 


is a typical dilatometric curve. Micro- 
scopic observation of partially reacted 
specimens quenched from temperatures 
between 450° and S40°C. have been used 
to place the positions of the lines in this 
region of the isothermal transformation 
diagram (Fig. 20), The plotted dila- 
tometric points in this region show a con- 
siderable scatter. In the lower temperature 
region reproducibility of beginning and 
end of dilation has been observed to be 


at 5i8°C. (964°F.), the temperature at 
which the dilation vs. time of Fig. 19 was 
obtained. After 240 sec. at 5i8®C., trans- 
formation is not complete. 

At S25®C. (977®F.) transformation is 
predominantly by the pearlite mechanism. 
Below 475®C. (887®F.) the bainite reaction 
assumes the major role. No nodular struc- 
tures of easy recognition occur below about 
460X. (86o"F.) 
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The presence of austenite in partially transformation characteristics except that 
reacted slivers quenched from the range corresponding stages of transformation 

475® to 525^0. cannot be interpreted as were reached in shorter times, 

evidence of enrichment, since austenite The occurrence of an overlapping of the 



Figs, 21-24. — ^4 pes cent nickel steel quenched from iioo®C, to si8®C. and held fob times 
INDICATED. X 500, Etched with picbal. 

Fig. 21. 10 seconds. Fig. 23. 120 seconds. 

Fig. 22. 20 seconds. Fig. 24. 240 seconds. 

can be retained in this steel on a direct two reaction mechanisms in this 4 per cent 
quench from above Aes. Ni steel is not entirely unexpected in view 

In order to determine the effect of of the results of Lange and Mathieu*® on 
homogenization on the transformation steels of somewhat higher nickel contents, 
characteristics, a bar of this steel was 
heated at 1300^0. (2372°F.) for 14 hr. A ^ 

brief metallographic study of the homo- Cent Manganese 

genized material was restricted to the The transformation diagrams for the 
temperature range 475° to S2S°C. and i per cent Cu and 1.7 per cent Mn steels 
showed that there was no change in the are given in Figs. 25 and 26, respectively. 



E, P. KXIER AND TAYLOR LYMAN 


Metallographic study showed that the 
progress of transformation in both steels 


Plain Carbon Steels 

Three hypoeutectoid plain carbon steels 


was similar in all important respects to have been investigated. Transformation 
that observed in the 4 per cent Ni steel, rates are very high in these steels — com- 
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TIME in SECONDS 

Fig. 25. — ^ISOTHEKMAL TRANSFORMATION DIAGRAM FOR I PER CENT COPPER STEEL. 
Plotted points represent 97.5 per cent extension of dilatometer specimens. 

C, 0.32 per cent; Mn, 0.64; Cu, 1.14. Austenitized at iioo°C, Grain size, 4-5. 


Having established this similarity, it was 
deemed unnecessary to attempt to place 
the boundaries with precision and the 
diagrams for these two steels are to be 
regarded as approximate only. The degree 
of completion of the bainite reaction in- 
creases with decreasing temperature and 
the overlapping of bainite and pearlite 
reactions extends over a range of about 
50® to 75°C. in both cases. 


plete decomposition occurred in 3 sec. 
at 570® to 6oo®C. (1058® to iii2®F.) in 
the 0.36 per cent C, 0.7 per cent Mn steel — 
and if the isothermal method of study is to 
be used specimens must be very small. 
Accordingly, sliver specimens only were 
used. These slivers were examined micro- 
scopically before X-ray analysis. The 
accuracy of measurement of time at 
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temperature was not great enough to allow conclusion that the most probable location 
transformation diagrams to be drawn. of this austenite is that indicated by 

Pertinent results obtained with the 0.36 arrows in Fig 28. This places the austenite 

per cent C, 0.7 per cent Mn steel are as in contact with the carbon -poor ferrite 

follows: and permits the conclusion, already con- 

r^c 



TIME In SECONDS 

Fig. 26. — Isothermal transeormation diagram eor 1.7 per cent manganese steel. 

Open circles, points determined metadlographically. 

Filled circles, 2.5 and 97.5 per cent extension in dilatometer. 

C, 0.39 per cent; Mn, 1,67. Austenitized at iioo®C. Grain size, 3-4. 

1. A specimen held for less than one sidered in some detail for the 3 per cent 
second at 62o®C. contained ferrite plus Cr steel, that austenite is present at 
pearlite that was not fully resolved with room temperature as a result of carbon 
an objective of numerical aperture 1.30. enrichment. 

2, After one second at 570^0., decom- 3. Near 5oo°C. (932®F.) the course of 
position was about 30 per cent. The transformation during the first 2 sec. at 
structure is shown at two magnifications temperature was dif&cult to follow. The 
in Figs 27 and 28. An X-ray pattern ob- first product to form isothermally has 
tained from this specimen showed that etching characteristics almost identical 
austenite was present at room temperature, with the martensite formed during sub- 
Consideration of the morphological and sequent quenching to room temperature, 
etching characteristics have led to the The size and shape of this product are 
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roughly compaxable with the size and 
shape of martensite “needles.” After 3 sec. 
at S05®C. both acicular and nodular trans- 
formation products are present in consider- 
able amount. The acicular product has 
become dark-etching and may be desig- 
nated bainite. After 5 sec. at 496°C. decom- 
position is about 50 per cent, as shown in 
Figs. 29 and 30.* 

4. At 4So°C. the reaction has just started 
in 2 sec., as shown in Fig. 31. Holding for 
3 sec. gives the structure of Fig. 32. 
X-ray patterns from the latter structure 
show the presence of lines that could be 
FesC lines. Figs. 31 and 32 illustrate the 
transient character of the product first 
formed at 45o°C. in this steel. Once 
formed, an additional second at tempera- 
ture is sufficient to cause considerable de- 
composition and change materially the 
etching characteristics. That the structures 
are not the result of etching technique is 
shown by a consideration of the matrix 
structure. In both Figs. 31 and 32 the 
martensite matrix is revealed to about the 
same degree. 

Austenite lines, though weak, have been 
positively identified on the X-ray patterns 
obtained from specimens held for short 
times at temperatures between 500° and 
S7o°C. No positive evidence of austenite 
in specimens partially reacted at 45o®C. 
has been obtained. 

It seems possible to describe the trans- 
formation kinetics for this steel as follows: 

I. During decomposition at tempera- 
tures between 620° and 57o°C. the fer- 
rite reaction remains distinct from the 
pearlite reaction, although at certain 
temperatures the two reactions may pro- 
ceed simultaneously. 


* Diffraction patterns obtained from this 
specimen and from specimens held for short 
times at 543® and si6®C. contained lines that 
do not correspond to lines from ferrite, aus- 
tenite, or Pe*C. Reproducibility of these results 
has not been good. It is tentatively sug- 
gested that decomposition to form FeiC takes 
place through a transition phase at some 
temperatures. 


2. At about S7o®C. the ferrite reaction 
merges into the bainite reaction. Decom- 
position at temperatures between 570® 
and soo®C. takes place with the formation 
of both bainite and pearlite. 

3. At 450® C. decomposition appears to 
go to completion by the bainite reaction. 

A 0.22 per cent C, 0.5 per cent Mn steel 
and a 0.47 per cent C, 0.8 per cent Mn 
steel were examined to determine whether 
there were any important differences in 
the transformation characteristics of the 
three plain carbon steels. The results indi- 
cated a general similarity. Austenite lines 
were easily obtained from the 0.47 per cent 
C steel. A Debye pattern from a sliver of 
the 0.22 per cent C steel held for i sec. 
at S23®C. showed very faint austenite 
lines. 

A photomicrograph of the 0.47 per cent C 
steel held 6 sec. at 5i8®C. shows both 
nodular and acicular products (Fig. 33). 
The appearance of new needles in the 
matrix and the branching of needles is 
illustrated. It has been observed in several 
of the steels studied that the bainite reac- 
tion proceeds in this fashion as well as by 
the apparent extension of platelike volumes 
in two dimensions. 

It seems possible to define the bainite 
reaction for these hypoeutectoid plain 
carbon steels in the same terms that have 
been used to characterize the reaction in 
the alloy steels. The differences are con- 
sidered to be differences in degree only. 

Discussion or Results 

The isothermal transformation diagrams 
determined in the course of this work have 
been presented in the approximate order of 
increasing similarity to the results for 
plain carbon steels. Transformation within 
a single austenite crystal by two reaction 
mechanisms at some, perhaps all, temper- 
atures within the bainite range is considered 
to be a characteristic feature of isothermal 
austenite decomposition in hypoeutectoid 
steels. These two reaction mechanisms may 
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be widely separated in time or they may reaction sets in within a few seconds after 
overlap to such an extent that it is difficult the beginning of the bainite reaction. Thus, 



Figs. 27 and 28. — Steel suver (0.36 per cent carbon, 0.7 manganese) quenched prom iioo® 

TO S70‘’C., HELD POR I SECOND AND QUENCHED TO ROOM TEMPERATURE. 

X-ray pattern showed that austenite was present in this specimen after the quench to room 
temperature. 

Fig, 27, X 1000; Fig. 28, X 2500. Etched in dilute Picral. 

Arrows indicate probable locations of austenite. 

Original magnifications given; reduced H in reproduction. 

to detect when the first reaction ends. In alloying additions to steel may be con- 
the 3 per cent Cr steel separation is a maxi- sidered from the point of view of their 
mum. In the plain carbon steels the second relative effectiveness in separating the two 
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reactious at temperatures below about tion of the bainite reaction is a function of 
55o®C. (102 2®F.) No broad generalizations temperature. The results reported here 



Figs. 29 and 30. — Steel sliver (0.36 per cent carbon, 0.7 manganese) qtjenched prom iioo® 

TO 496®C., held for 5 SECONDS AND QUENCHED TO ROOM TEMPERATURE. 

Both adcular and nodular products are present. 

Fig. 29, X 500; Fig. 30, X 2500. Etched in dilute Picial. 

Original magnifications given; reduced in reproduction. 


or thoroughgoing comparisons of alloying 
additions on this basis are yet ]5ossible. 

It has been known for more than a decade 
that, in certain steels, the degree of comple- 


indicate that this is a general phenomenon 
in hypoeutectoid steels. This temperature 
dependence of thd degree of completion, 
most strikingly illustrated in the 3 per cent 
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Cr and i per cent Cr steels of this investiga- it evident that this is not true in general, 
tion cannot be adequately represented on Of great importance, when the end of 
an isothermal transformation diagram. A austenite decomposition is represented on 
direct consequence of this characteristic the isothermal transformation diagram, is 



Figs. 31 and 32 — Steel sliver (0.36 per cent carbon, 0.7 manganese) quenched from iioo® 

TO 450 °C. AND HELD FOR TBE TIMES INDICATED, X 2 $ 00 . EtCHED IN DILUTE PiCRAL. 
Original magnification given; reduced ^ in reproduction. 

Fig. 31, 2 seconds. This illustrates the product first formed during the bainite reaction in this 
steel. 

32, 3 seconds. 


feature of the bainite reaction is that the 
complete disappearance of austenite after 
isothermal decomposition in the bainite 
range may require a time considerably 
longer than has usually been recognized. 
There seems to be little doubt that austen- 
ite decomposition may be complete in 
relatively short times at temperatures 
somewhat above Ar" for some steels; e.g., 
the 4 per cent Ni and 1.7 per cent Mn steels 
of this investigation. Yet, the results for 
the 3 per cent Cr steel, where incomplete 
reaction by bainite formation was observed 
at aU temperatures down to and including 
3So®C. (Ar" is 37o®C. for this steel) make 


the experimental method used and the 
criterion adopted for determination of this 
line. In the present work the end of austen- 
ite decomposition has not been represented 
except for the 3 per cent Cr steel, and the 
end of bainite formation has been shown on 
the basis of dilatometric evidence. Again, it 
is pointed out that in certain steels the end 
of bainite formation does undoubtedly 
correspond to the end of austenite decom- 
position for a range of temperatures imme- 
diately above Ar". 

It seems evident that the bainite reac- 
tionj^begins only after^some carbon move- 
ment has taken place in the matrix. 
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When first formed, the product is super- 
saturated. The etching effects obtained 
may be considered satisfactory evidence of 
this fact. Still to be determined is the rela- 


on cooling may account for some of the 
inferior physical properties, particularly in 
notched-bar tests, which have been re- 
ported by DSpfer and Wiester,*^ Payson 



Fig. 33. — Steel sucver (0.47 per ceist carbon, 0.8 manganese) quenched erom. rioo®C. to 

5i8°C. and held for 6 seconds. 

Original magnification 1000; reduced In reproduction. Etched in dilute Picral. 


tionship between the degree of super- 
saturation of the product and the degree of 
completion the bainite reaction may attain 
at a given temperature. 

A description of the transformation of 
austenite in the bainite region has been 
given (p. 405), based on detailed study of 
the 3 per cent Cr steel. The experimental 
results for the other steels studied lead to 
the conclusion that this description applies 
to hypoeutectoid steels in general. The 
existence of carbon-enriched austenite 
dispersed throughout the bainite trans- 
formation product is considered to be a 
phenomenon of general importance. That 
this austenite may remain undecomposed 
for a considerable time at some temper- 
atures has been shown for the 3 per cent 
Cr steel. It is suggested that the presence 
at room temperature of carbon-enriched 
austenite or of martensite formed from it 


and Hodapp,** and Griffiths, Pfeil and 
Allen® for certain aUoy steels transformed 
isothermally in the bainite range. 

The mechanism of bainite formation 
presented involves very rapid carbon 
movement in local regions followed by a 
lattice transformation in carbon-poor vol- 
umes. The size of the product when first 
formed is antithetical to the concept of a 
nucleus. Large nuclei can be expected to 
form only at temperatures very near to 
the equilibrium transformation temper- 
ature and only after long delay. 

Once started, bainite formation proceeds 
in large part by the appearance of new vol- 
umes of this product and by the branching 
of previously formed volumes. There seems 
to be little tendency for growth in the usual 
sense of accretion. Thus nucleation and 
grain-growth concepts cannot be expected 
to assist in building up a theory of bainite 
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formation. An adequate theory of this 
reaction must explain the temperature 
dependence of the degree of completion of 
the reaction and must account for the rapid 
movement of carbon in local regions at 
temperatures where diffusion in the ordi- 
nary sense is comparatively slow. 

Summary 

1. Isothermal decomposition of austenite 
has been studied in hypoeutectoid steels 
containing chromium, chromium and mo- 
lybdenum, uranium, nickel, manganese 
and copper in solution. Plain carbon steels 
of carbon contents 0.22, 0.36 and 0.47 per 
cent have been studied also. The iso- 
thermal transformation diagrams for the 
alloy steels have been presented in the 
approximate order of decreasing separation 
in time of the bainite and pearlite reactions. 

2. The following mechanism of bainite 
formation in hypoeutectoid steels is 
proposed: 

a. In restricted volumes rapid car- 
bon movement takes place in such 
a way as to yield austenite re- 
gions of alternate high and low carbon 
concentration. 

h. The low-carbon austenite transforms 
at the reaction temperature into a 
supersaturated ferrite by a marten- 
site-like lattice rearrangement. The 
degree of supersaturation of the prod- 
uct is a function of temperature. 

c. This supersaturated ferrite begins at 
once to decompose, precipitating an 
iron carbide in a ferrite matrix to 
form the dark-etching, acicular prod- 
uct known as bainite. 

3. The degree of completion of the bain- 
ite reaction is a function of the transforma- 
tion temperature, the degree of completion 
increasing rapidly with decreasing tempera- 
ture. Matrix austenite undecomposed 
during bainite formation transforms by 
another mechanism on continued holding 
at the reaction temperature. 


4. Austenite enriched in carbon during 
bainite formation, in virtue of its high car- 
bon content, can be retained at room tem- 
perature. The decomposition of this en- 
riched austenite on holding at the trans- 
formation temperature may precede or 
follow the decomposition of the unreacted 
matrix austenite depending upon the tem- 
perature and the chemical compositions of 
the two austenites. 

5. It is suggested that the presence at 
room temperature of carbon-enriched aus- 
tenite or of martensite formed from it on 
cooling may account for some of the 
inferior physical properties that have been 
reported for certain alloy steels transformed 
isothermally in the bainite region. 

6. It is concluded that concepts of 
nudeation and grain growth cannot assist 
in the formulation of a theory of the 
bainite reaction. 
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DISCUSSION 

{Walter Crafts presiding) 

G. V. Smith,* Kearny, N. J — The writer 
has found this paper very interesting and 
worth while and, with respect to the postulated 
mechanism of the bainite reaction, quite 
thought provoking It is felt that the experi- 
mental evidence deduced in support of the 
hypothesis that in the formation of bainite 
in hypoeutectoid steels “rapid carbon move- 
ment takes place in such a way as to yield 
austenite regions of alternate high and low 
carbon concentration” and that ‘Hhe low- 
carbon austenite transforms at the reaction 
temperature into a supersaturated femte by 
a martensitelike rearrangement” is not in- 
controvertible This is particularly true when 
the authors also state that “the size of the 
product when first formed is antithetical to 
the concept of a nucleus” and that “there 
seems to be little tendency for growth in the 
usual sense of accretion.” 

On their face, then, the postulations appear 
to involve at least two ph5rsical improbabilities, 
and this suggests careful consideration of the 
experimental evidence. The two apparent 
physical improbabilities are: (i) that the 
required diffusion of carbon could take place 
in such a short time, and (2) that the required 
depletion and enrichment of carbon could 
occur along crj^tallographic planes throughout 
such tremendous atomic distances as appar- 
ently are contemplated. 

The finding by X-ray diffraction methods of 
austenite in samples reacted to bainite is 
extremely interesting, but the writer finds it 
less easy than the authors to dismiss the first 
suggested possibility for the austenite reten- 
tion; namely, that austenite of unchanged 
carbon content is “stabilized.” It does not 
seem logical to the writer that some of the 
austenite necessarily must be situated “in 
the parts of the specimen that at transforma- 
tion temperature contained the greatest 
amounts of austenite,” but rather that all of 
the austenite could be emplaced between the 
plates of bainite. This latter possibility could 
occur, for example, because of the local stress 
conditions arising from the volume expansion 
accompanying the transformation. The ques- 

• U. S. Steel Corporation, Research Labora- 
tory. 
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tion might be asked: WTiy does the amount of 
bainite formed depend upon the reaction 
temperature, increasing with decreased tem- 
perature’ Might not the question of state of 
stress be the reason in part for this dependency^ 
I believe this sort of explanation was orig- 
inally put forth by Carpenter and Robertson* 
to explain the dependency of the amount of 
martensite on the temperature. 

The “other evidence that the austenite 
retained is enriched” has to do with the in- 
tensity of the gamma diffraction lines and the 
occurrence of a tetragonal split. The evidence 
regarding the intensities seems rather uncer- 
tain, and it would appear that the effects 
observed w'ould occur whether or not the 
austenite were enriched, i.e , the observations 
fit the possibility of a “stabilized” austenite 
as well as an enriched austenite, the intensity 
being solely dependent, for practical purposes, 
on the amount of austenite. The postulation 
that carbon diffuses from the enriched austen- 
ite areas to the large volumes of austenite 
appears to be extremely unlikely in the time 
available. 

With regard to the “tetragonal split,” there 
are several questions. Why was not a “tetrag- 
onal split” observed in all samples only 
partially reacted, as, for example, that of 
Fig 13? I assume that by “tetragonal split” 
the authors mean the sphtting of, say, the 
(110} diffraction line of body-centered cubic 
ferrite into two lines, owing to the distortion 
to the tetragonal lattice. How did the authors 
distinguish between the martensite resulting 
from the assumed enriched austenite and that 
from the remainder of the sample? Since the 
samples of Tables 2 and 3 were not reacted to 
completion, there should be martensite with a 
“tetragonal split” and axial ratio correspond- 
ing to the nominal carbon content and, which 
might be dif&cult to distinguish, owing to line 
diffuseness, from martensite of slightly higher 
carbon content Do the authors feel that the 
change of axial ratio in Table 3 from 1.002 
to r.oig is outside their experimental error, 
and do they have any explanation of why, if 
real, the change should occur so slowly up 
to 67.5 hr. and then disappear entirely before 
120 hr.? Incidentally, it does not seem perti- 

* H. Carpenter and J. M. Robertson Metals 
2, 881. London, 1939, Oxford Univ. Press. 


nent to use the data of Table 3 to argue with 
respect to the bainite reaction, since at soo°C. 
the reaction product according to Fig i is 
“ferrite,” not bainite 

To the writer, the greatest difficulty in the 
hypothesis is that mentioned earlier; namely, 
that of the necessary prearrangement of 
atoms in the austenite lattice having to occur 
on such a vast scale in order that the bainite 
platelets may spring full-formed from the 
matrix lattice This is, of course, exactly what 
occurs during the formation of the initial 
nuclei in all reaction processes that involve 
growth, but, it is to be emphasized, on a much 
reduced scale, the nuclei forming in submicro- 
scopic size. There appear to be two general 
mechanisms by which solid-state reactions 
occur; (i) by a growth process involving 
diffusion and (2), by a shearing process not 
involving diffusion What the authors appar- 
ently contemplate is a combination of the 
two, which to this reader is difficult to accept 
either on theoretical grounds or on the basis of 
the experimental evidence presented. Rather, 
the concepts attributed by the authors to 
Bain and to Wever are thought to be more 
nearly correct. 

C. M Opfenhauer,* Niagara Falls, N. Y. — 
The authors are to be congratulated on their 
investigation of the bainite reaction. The 
photomicrographs illustrating the various 
structures are very fine examples of metallo- 
graphic technique. 

Several points might be clarified by further 
information It is stated that austenite may be 
enriched by the bainite reaction to such an 
extent that the Ar” temperature is depressed 
below room temperature. This amount of 
enrichment would imply that: 

1 The bainite structure contains less carbon 
and probably less chromium than the parent 
austenite because a considerable alloy content 
would be necessary to account for the per- 
sistence of the austenite. 

2 The volumetric proportion of transforma- 
tion of the low-carbon, low-alloy structure 
would have to be fairly large to account 
for any but the most microscopically local 
enrichment 


♦ Research Metallurgist, Union Carbide and 
Carbon Research Laboratories. 
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The composition of the bainite has not been 
shown to be low in carbon or low in chromium. 
The photomicrographs indicate the possibility 
of a low-carbon structure, at least near the 
begin ning of the reaction, and perhaps this 
same type of reaction continues until the 
beginning of the second reaction. Studies of 
the bainite reaction made at the Union Carbide 
and Carbon Research Laboratories have indi- 
cated that the initial bainite in a chromium 
steel appears to consist of acicular ferrite 
containing a relatively small proportion of 
carbides near the middle o^ the needle. It 
would seem justifiable, then, to assume that 
the original bainite formed is relatively low 
in carbon We should like to ask the authors if 
they have any reason to believe that the 
reaction product is also low in chromium, or 
whether they consider that enrichment of the 
austenite by chromium is necessary for the 
retention of austenite. 

It is implied in Table 2 and on page 40 that 
the retained austenite gradually increases to a 
maximum for the 6-min. isothermal treatment 
at 450® C , and then decreases. Wc should hke 
to know the relative amounts of transformation 
that represent maximum retention of austenite 
and if this fraction of transformation repre- 
sents the maximum austenite retention at 
other temperatures. 

E. P. Klier (author’s reply). — The discus- 
sions by Mr. OfTenhauer and Dr. Smith deal 
particularly with the X-ray data obtained for 
the 3 per cent Cr steel. Especially is this true 
with respect to the data from which it has been 
argued that the austenite retained at room 
temperature has been enriched with carbon. 
Before proceeding with the presentation of 
some additional data that further clarify this 
point, it is desirable to consider briefly the role 
of carbon in developing the tetragonal marten- 
site structure. 

The data of Honda and Nishiyama,^* in par- 
ticular, show that freshly formed martensite 
possesses a body-centered tetragonal crystal 
structure. The tetragonality of this structure, 
however, is measurable only for carbon con- 
tents between about 0.55 and 1.8 per cent. In 
this range the tetragonality or axial ratio efa 
increases linearly with carbon content. 

A specimen of the 3 per cent Cr, 0.38 per 
cent C steel quenched to room temperature 


42 T 

does not contain martensite of a measurable 
tetragonality, therefore the appearance of a 
measurable tetragonality for martensite formed 
in this steel must necessarily mean that this 
martensite formed from an austenite contain- 
ing considerably more than 0.38 per cent 
carbon. 

The accuracy with which the ratio c/a can 
be reproduced allows this value to be stated to 
three real numbers. Thus in Table 3 the thou- 
sandths place is subj’ect to some uncertainty, 
although the consistency of the values might 
be considered as arguing for the near correct- 
ness of the fourth real number In terms of car- 
bon content, however, this fourth number is of 
little sigmficance; i e , the martensite formed 
after transforming 26 hr. has the same carbon 
content as the specimen transformed 67.5 
hours 

In Table 5 are presented data indicating the 
products obtained dunng the initial stages of 
bainite formation 


Table 5. — Phase Identification for Initial 
Stages of Bainite Formation 


Sted 

Transfor- 

mation 

Temper- 

ature 

Time 

at 

Tem- 

per- 

ature 

Structure 


Deg. 

C. 

Deg. 

P 


3 per cent Cr 
3 per cent Cr 
3 per cent Cr 

I per cent Cr, 
0-40 per 
cent Mo. 

I per cent Cr 
I per cent Cr 

I per cent Cr 

47 S 

475 

475 

515 

5 SO 

515 

50s 

1 

887 

887 

887 

959 

1032 

959 

941 

90 sec 
180 sec 
23 hr. 

90 sec. 
120 sec 
45 sec. 
330 sec 

7 + tet. split (?) 
7 -f tet. split 
tet. split -f (7) ’ 

7 -1- tet. split 
tet. split 

7 -j- tet. spill 

7 4- tet. split 

1 


For the 3 per cent Cr steel the doublet lines 
are weak, as would be expected from the slight 
precipitation (cf. Fig. 14) The (111)7; 
and ((loi)a -h (oii)a) lines are clearly dis- 
tinguishable after transformation for 3 min. at 
475®C. (887®F.), however. This tetragonal 
structure was not observed for like times at 
45o°C. (842°F.), the austenite lines becoming 
evident without the appearance of the tetra- 
gonal structure. 

The data presented for steel i per cent Cr 
show better the alterations in the transforma- 
tion phenomena on lowering the temperature 
of transformation. The differences between the 
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mechanisms of fernte and bainite formation are 
matters of degree and are not genenc differ- 
ences. It is unfortunate that in the paper other 
differences are inferred 

The data above show conclusively' that ad- 
justments in carbon concentration do take 
place during the course of the bainite reaction. 
That this carbon adjustment is on the scale 
previously indicated necessarily follows. It 
must be concluded that Dr. Smith’s objections 
to the proposed mechanism of bainite forma- 
tion are not valid. 


In answer to Mr. Offenhauer, it is doubtful 
whether chromium diffusion takes place during 
bainite formation in the 3 per cent Cr steel 
That chromium is not necessary for austenite 
retention is evident from the results for steels 
containing no chromium 
For a given reaction temperature, austenite 
retention at room temperature appears to be 
a maximum at the virtual end of bainite forma- 
tion, while the bainite present at this point 
varies as a function of the reaction temperature 
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